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SUPPL  EMENT  ARY  notes 

Volume  III  of  a three-volume  report. 
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The  U.  S.  Army  Heavy  Lift  Helicopter  Advanced  Technology  Component 
program  required  the  design,  development,  and  feasibility  demon- 
stration of  an  electrohydraulic  flight  control  system.  This  vol- 
ume details  the  evolution  of  an  automatic  flight  control  system 
(AFCS) , operating  by  means  of  a direct  electrical  linkage.  AFCS 
software  and  hardware  development  and  testing  are  discussed.  The 
results  of  flight  clearance  testing  and  in-flight  evaluations  of _ 
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v>AFCS  control  laws  are  examined. 

Associated  documents  are:  Volume  I - Production  Recommendations, 
and  Volume  III  - Primary  Flight  Control  System  Development  and 
Feasibility  Demonstration. 


,,  c^i.rllOT 


: •.nfc'S 


UNCLASSIFIED 


SeCU^lTY  Ci.  *kS5irjCATtON  OF  THIS  f»*>.0t(Whmn  D«r«  EntmfH) 


SUMMARY 


A fai 1 -operational  Automatic  Fliqht  Control  System  (AFCS)  was 
develoi'.cd  for  the  U.S.  Army  Heavy  Lift  Helicopter  to  enable 
that  a rcraft  to  perform  rapid  and  precise  external  load  oper- 
ation.s  in  all  weather  conditi  ms.  The  AFCS  ]>rovides  both  full- 
time .itability  and  control  av  ir.entation  (SCAS),  as  well  as 
pilot-selectable  modes  for  altitude  hold,  hover  hold,  load- 
controliinq  crewman  precision  hover  control,  external  load 
stabilisation  and  naviejation/guidance  coupling.  The  heart  of 
the  S'/St. em  consists  of  triplex  dicjital  computers  which  process 
redui'dant  sensor  inputs  to  generate  differential  and  parallel 
^'omm, >.;d  outputs. 

A devo  ’ oi  imental  vt-rsion  of  the  AFCS  has  been  designed,  built, 
and  tinted  under  the  HLH  Advanced  Technology  Components  Pro- 
gram. '"his  developmental  system  utilizes  serial  incremental 
digit. i.'.  C'.jrnputers  with  cross  channel  bit-by-bit  synchroniza- 
tion; lu.’dian  signal  select  for  sensor  inputs;  failure  monitor- 
ing with  auto  shutdown  at  the  system,  axis,  and  control  mode 
level.)'  and  off-line  Built-In  Test  Equipment  (BITE). 

'fho  flight  test  of  the  SCAS  concept  on  the  Boeing  Vertol  Model 
147  hoiicofJter  indicated  good-to-excellent  performance.  The 
most  .significant  results  vere: 

• I'ontrol  response  was  crisp  a:  J inaneuvei  abili  ty  was  good 
in  all  axes.  Good  trim  coordination  was  demonstrated  in 
rapid  toll  reversals  up  to  +45  degrees  of  bank. 

• Ground  referenced  velocity  feedback  below  40  knots  IAS 
.ri  gni  f icantly  improved  both  stability  and  trimmability 
in  hover  maneuvering. 

• .Airspeed  hold  was  excellent  in  cruise  flight  with  max- 
imum deviations  of  + 2 to  4 knots  in  nioderate  to  heavy 
l-’iibulence  and  in  turns  up  to  30/35  degrees. 

• A positive  lateral  control  gr<>Jient  "security  blanket" 
concept  provided  good  recove' y to  wings-level  trim  from 
torward  flight  banked  turns.  This  feature  significantly 
reduces  pilot  workload  in  making  heading  changes, 
especially  under  IMC. 

Selectable  inode  response  characteristics  were  very  satisfact- 
ory and  adequately  demonstrated  the  practicality  of  the 
respective  concepts.  in  those  few  instances  where  deficien- 
cies were  found,  these  were  accountable  to  the  developmental 
state  of  several  of  the  sensing  devices. 


Altitude  hold  accuracy  was  +20  feet  in  cruise  flight.  Radar 
altitude  hold  in  hover  fligFTt  was  accurate  to  +6  inches 
following  the  tailoring  of  a complementary  filter  to  remove 
the  effects  of  radar  spikes  over  grass. 

The  high-gain  staoility  loops  of  the  hover  hold  mode  provided 
excellent  gust  rejection  and  maintained  the  selected  hover 
condition  with  minimum  drift  using  inertial  velocity  feedbacks. 
Hover  hold  accuracy  using  position  feedbacks  from  a precision 
hover  sensor  (PHS) , with  all  controls  fixed,  demonstrated  a 
circular  error  probability  of  4.0  inches  and  6.8  inches  with 
winds  gusting  up  to  13  knots  and  24  knots,  respectively, for  a 
2-minute  run.  PHS  performance  over  a high  contrast  ground 
was  satisfactory;  however,  it  did  not  lock  on  over  grass  or 
other  low  contrast  scenes.  Although  this  deficiency  could  not 
be  corrected  in  the  ATC  equipment,  it  did  not  negate  the 
evaluation  of  the  control  laws  and  their  signal  processing. 

The  load-controlling  crewman,  operating  through  the  hover  hold 
mode,  demonstrated  an  impressive  capability  to  provide  vernier 
response  to  move  the  aircraft  or  external  load  into  precise 
positions.  Also,  load  handling  experience  revealed  that  load 
shuttle  over  short  distances  under  control  of  the  LCC  was  a 
very  practical  capability. 

Rapid  suspension  cable/ load  hookup  was  easily  performed  by  a 
ground  crewman  as  a result  of  the  LCC's  ability  to  precisely 
position  the  helicopter.  MILVAN  acquisition  in  less  than  one 
minute  without  ground  crewman  assistance  was  demonstrated  by 
positioning  a top-lift  adapter  on  the  MILVAN.  Precise  place- 
ment of  a MILVAN  onto  the  transporter  lockpins  was  demonstra- 
ted but  required  a fair  amount  of  hover  maneuvering  time  on 
the  part  of  the  LCC.  With  flared  guide  vanes  installed  on 
the  transporter,  it  became  possible  to  deposit  the  MILVAN  on 
the  locking  pins  - within  the  +1.0  inch-accuracy  required  - 
in  one  minute  or  less. 

Flight  training  requirements  for  a load  controlling  crewman 
would  be  minimal.  Load  operations  were  performed  by  two 
Army  pilots  after  30  minutes  of  no-load  flight  familiariza- 
tion. Following  the  completion  of  developmental  testing,  54 
hours  of  demonstrations  were  conducted  in  which  163  pilots 
and  non-pilots  flew  from  the  LCC  station.  Control  of  the 
aircraft  without  a load  was  quickly  acquired  with  less  than 
5 minutes  of  familiarization. 

The  load  stabilization  system  (LSS)  provided  a significant 
increase  in  load  damping,  both  in  hover  and  forward  flight. 

The  greatest  need  for  damping  augmentation  is  during  an  attempt 
to  precisely  position  a load  on  long  cables  (load  natural 
dancing  decreases  v/ith  increasing  cable  length) . The  concept 
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utilizad  cable  feedbacks  into  the  AFCS  and  although  effective, 
was  judged  to  be  inferior  to  the  active  pendant  concepts. 

The  automatic  cipproach  to  hover  mode  was  configured  to  demon- 
strate the  feasibility  to  manually  (following  flight  director 
commands)  or  automatically  fly  the  aircraft  down  an  approach 
path  terminating  in  a stabilized  hover.  Both  manual  and 
automatic  approaches  were  performed  very  satisfactorily. 
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INTI^.ODUCTION 


HUi  ATC  (Advanced  Technology  component)  program  elements 
associated  with  development  of  the  flight  control  system  are 
divided  into  four  separate  tasks  in  the  SOW,  with  Task  T 
having  two  parts.  The  initial  work  performed  under  the  first 
task  (Task  J,  parv:  1)  was  accomplished  during  the  second  half 
of  1071.  Obiectives  were  to  select  candidate  FCS  concepts 
for  the  HUi  to  determine  the  necessity  for  developing  a side- 
arm  controller,  and  to  identify  high  risk  areas  and  critical 
components  requiring  further  development.  Results  of  Task  I, 
part  1,  were  documented  completely  in  Reference  1,  and  will 
be  summarized  later  in  this  section. 

PURPOSE 


The  purpose  of  this  report  is  to  review  ATC  flight  control 
work  performed  subsequent  to  Task  I,  part  1,  and  directed 
toward  definition  of  the  AFCS  for  the  347  Flight  Research 
Vehicle.  Summarized  in  this  document  are  results  of  the 
following  phases  of  the  program: 


• Task  I,  Part  2 - Analytical  design  of  the  AFCS  and  veri- 

fication through  large  moving  base 
simulat ion . 


• Task  II 

• Task  III 

• Task  JV 


- Development  c.i  i test  of  AFCS  computer 
and  sensor  ha^.avv^are. 

- Precision  hover  and  load  stabilization 
demonstration  (including  integration 
testing  and  flight  demonstration  of 
the  basic  AFCS  and  selectable  control 
mode  s ) . 

- Cc^ntroller  development 


Task  IV  controller  development  it  confined  to  the  Load  con- 
trolling Crewman's  Controller  (fCCC).  and  its  interrelationship 
with  the  low  speed  AFCS  selectable  control  modes.  Other 
Task  IV  activities,  including  detiign  and  test  of  the  HLH 
cockpit  Primary  Electrical  Control  System  (PECS),  Programmable 
Force-Feel  Unit  (PFFU)  , and  Coci.pit  Control  Driver  Actuators  are 
discussed  in  Volume  II  of  this  report. 


Volume  II  covers  all  work  associated  with  the  Primary  Flight  Con- 
trol System  (PFCS)  for  the  347  Flight  Vehicle,  A major  portion 
of  the  report  deals  with  the  Direct  Electrical  Linkage  System 
(DELS) , which  couples  cockpit  control  inputs  and  AFCS  commands 
to  the  swashpldte  electromechanical  actuators.  DELS  work  was 
accomplished  under  FCS  ATC  Task  II. 
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A th  i fd  FCS  drcutnenh.  Volume  7,  defines  the  reeorrjnended 
fliqfit  control  system  for  the  HUi  aircraft,  based  upon  result; 
of  the  ATC  program  as  substantiated  in  Volumes  il  and  ill,, 

AFCS  DEVELOPMEN'T 

A significant  number  of  FCS  anal\  ...ical  design,  fabrication, 
and  test  activities  were  in  progress  at  the  .same  Lime  during 
the  ATC  program.  AFCS  work  was  oriented  gcncrallv  into  two 
areas  of  activity: 

• Software  development,  including  analysis  to  define  con- 
trol laws  and  logic,  simulation,  and  flight  test  evalua- 
tion, and 

• Hardware  development,  encompassing  design,  fabrication 
(or  procurement),  and  test  of  system  components. 

To  provide  a clear  understanding  of  how  the  AFC:S  ATC  Program 
was  structured,  activity  phasing  charts  were  prepared 
identifying  what  was  done  and  when.  Tables  1 and  2 annotate 
all  major  tasks  accomplished  within  the  ATC  after  completion 
of  the  Task  l,  part  1 phase,  work  associated  with  software 
development  is  shown  on  Table  1,  and  in  Table  2,  hardware 
oriented  tasks  are  listed. 
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TASK  I , PART  1 SUMMARY 

197i  flT.T'  PCS  conc.'opt  selt-ction  trade  studies  j'-rriceeded  simul- 
taneously alonq  two  ma-jor  paths.  The  first  was  a small  per- 
tu  ‘.ation  movinq  base  flight  simulation  in  which  math  modeling 
techniques  permitted  variation  of  aircraft  control  response 
characteristics.  Accountability  for  winds,  gusts,  and  exter- 
nal sling-load  dynamics  was  included  in  the  simulator 
evaluation. 

The  second  ma  ior  path  dealt  with  mechanization  of  the  PLII 
flight  control  system  from  cockpit  controllers  to  the  sv'ash- 
plate  actuators.  This  effort  proceeded  by  first  defining  two 
basic  fly-by-wire  schemes  at  the  functional  block  diagram, 
level.  gubcontractcrs  wore  then  selected  on  a competi'ive 
basis  to  study  the  hardware  impact  of  the  two  basic  schemes 
at  I'arious  redundancy  levels. 

Simulation S tudies 

Three  types  of  maneuvers  were  performed  in  the  simulator  to 
evaluate  eight  candidate  control  augmentation  concepts.  The 
maneuvers  included  final  approach  to  hover  from  a point  sev- 
eral hundred  feet  behind,  co  the  si^Ie  of,  and  above  a target; 
manual  iiover  over  a spot;  and  steep  approach  from  cruising 
flight.  Results  of  tlic  simulation  indicated  that  precision 
hover  and  low-speed  maneuvers  were  accomplished  best  while 
usincf  a low  sensitivity  linear  velocity  system.  This  type  of 
control  mode  was  recommended  for  use  by  both  the  pilot  and 
load  controlling  crow'  member  for  all  hover  hold  and  low-speed 
maneuver i ng . 

For  steep  angle  approach  applications,  the  linear  ground 
velocity  system  was  again  found  to  be  the  best  choice, 
followed  by  rate  - attitude  response.  Based  vipon  related 
flight  experience  for  full  envelope  operation,  linear  velocity 
responses  were  once  again  tound  to  be  desirable  in  both  the 
longitudinal  and  lateral  axes.  A viable  alternative  for  the 
lateral  ARCS  was  a rate-attitude  system. 

Recommended  impi  eiuentat  ion  of  tiie  velocity  control  concept 
included  use  of  linear  grovind-opeed  reference  in  low-speed 
flight,  blending  to  an  air  mass  reference  in  forward  flight. 

Mechani/.at  ion  Studies 

The  two  control  .sy.stem  mechanizations  evaluated  iu  the  Task  l. 
Part  I study  are  .show:,  scjieinatical ly  in  Figure  1. 

.Sciieme  A contains  a direct  link  which  is  an  electrical 
signalling  path  equivale.it  to  the  usual  mechanical  flight 
control  system.  The  stability  an,"!  control  augmentation 
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system  (SCAS)  s.iqnai.s  are  fed  to  the  direct  link  d j f l t^ren- 
tiaily  through  authority  limits.  A navigation/nuidance 

coupler  drives  the  cockpit  controils  in  parallel  with  the 
pilot's  inputs.  Typical  HLH  inputs  to  the  coupler  include; 
precision  hover  sensor  signals,  and  ILS  or  navigation  infor- 
mation. An  important  distinouishing  feature  of  Scheme  A is 
that  while  the  pilot's  contr^jl  commands  full  swashplate 
authorit'/,  the  SCAS,  ^n  tlie  other  hand,  is  autliority  limited 
to  that  necessary  to  achieve  the  desired  liandling  qualities. 
Authority  limiting  allows  flexibility  in  redundancy  levels 
everywhere  except  in  the  direct  link. 

In  Scheme  n,  a direct  link  is  also  provided.  However,  in 
.Scheme  B,  it  is  a backup.  A distinguishing  feature  of  B is 
that,  by  concept,  the  pilot  controls  the  swashplate  (100-percent 
authority)  througli  the  flight  control  computer.  'iTierefore, 
hardover  protection  must  be  achieved  by  the  redundancy  level, 
fault  isolation,  voting,  and  switching  capability  of  the 
computer. 

On  the  basis  of  relative  cost  and  flight  safety  reliability, 
the  differences  between  Schemes  A and  B were  not  found  to  be 
significant.  A subjective  evaluation  of  the  two  mechaniza- 
tions dealing  with  operation,  performance,  flexibility  and 
growth,  teclmical  risk,  environmental  factors,  and  maintaina- 
bility, significantly  favored  Scheme  A,  liowever. 

The  preferred  Scheme  A mechanization  includes  a 2-Fail 
Operative  (2F0)  direct  link,  and  single  Fail  Operative  (SFO) 

SCAS  or  navigation/quidance  coupled  modes.  The  reasoning  for 
the  single  fail  operative  preference  is  as  follows: 

a.  Fi. ight  safety  reliability  is  provided  by  the  direct 
electi ical  link  and  is  not  a function  of  AFCS 
redundancy  level. 

b.  The  mission  reliability  for  the  defined  baseline 
mission  is  essentially  equivalent  for  a dual  or  SFO 
AFCS  , 

c.  Mission  safety  was  examined  for  more  realistic  and 
demanding  HLH  missron  requirements  where  precision 
cargo  operation  is  required  and  natural  or  induced  iFR 
(blowing  snow,  sand  or  dust)  could  be  present.  Load 
and  aircraft  motions  ind\iced  by  transients  associated 
with  dual  system  failures  were  judged  too  severe  for 
these  missions. 


vjb-liC vel  Trade  Stuiclies 

Mechanj zation  studies  included  sub-level  trades  which 
lead  to  the  conf iquraricii  recommendations  suncmarized 
1)0  low. 

Actuators 


It  was  concluded  that  the  hlh  actuators  should  be  inte- 
cjrated,  with  combined  servo  control  and  power  actuation. 

computers 

For  the  SCAS  functions,  analog,  special  purpose  digital, 
general  purpose  digital,  and  combinations  of  these  were 
studied.  it  was  concluded  that  general  purpose  digital 
was  the  better  choice. 

Inertial  Reference  Unit 

It  was  concluded  that  strap-down  inertial  references  are 
the  best  choice.  A skewed  pentad  configuration  was 
recorruTiended. 

Direct  uink 


It  v>as  the  choice  of  the  study  that  the  direct  link  be 
an  active  on-line, in-line  monitored  system.  Dual  fail- 
operate  redundancy  level  is  provided  by  triple  channels, 
each  with  a model. 

Sidoarm  controller  Study 

Conventional  and  unccnventional  controllers  for  the 
cockpit  were  studied.  The  configurations  evaluated 
ranged  from  4-axis  sidearm  to  l:he  cemmon  mechanically 
synchronized  helicopter  control  slicks. 

Final  study  recommendations  included  use  of  an  improved 
cyclic  stick,  thrust  lever,  and  pedal  combination  for 
the  HLH  vehicle. 
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UST  OF  TUXISTRATIQNS  (COJCHJEED) 


Figure 

A-33.  PrecifJicn  Hover  Sensor  Calibraticn  - Lateral  Axis 
A- 34.  Precision  Hover  Sensor  Calibraticn  - Vertical  Axis 
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1.0  PROGRAM  OVERVIEW  AND  RESULTS 


1 • 1 BA(^KGROUND 
1.1.1  ATC  Program 

The  HLH  (Heavy  Lir?t  HelicopteiO  was  a new  aircraft  being  de- 
veloped  by  the  U.S.  Arr.y  under  contract  to  the  Boeing  Vertol 
Company.  Preliminary  design  activities  culminated  in  June 
1971  when  the  Army  selected  the  tandem  rotor  design  for  the 
HLH,  <.nid  awarded  Boeing  an  Advanced  Technology  Components 
(ATC)  < jntract  for  development  and  integration  testing 
items  ritical  to  HLH  success.  This  contract  was  modified  in 
Januai  1973  to  include  development  of  a prototype  HLH  flight 
article  (the  XCH-62) , which  was  scheduled  to  fly  in  1976. 

The  program  was  terminated  in  1975. 

The  ATC  program,  cv>nducted  between  June  19  71  and  October  19  74, 
was  comprised  of  five  separate  projects,  including  a four- 
task  flight  control  effort  to  design  the  PCS  (Flight  Control 
Systen.)  for  the  HLH,  The  design  consists  of  analysis  and 
hardware  development  required  to  demonstrate  critical  FCS 
elements,  using  a modified  CH-47  test  aircraft  designated  the 
347  Flight  Research  Vehicle.  Critical  control  system  elements 
demonstrated  i,,  the  A'T’C  flight  program  include;  the  Primary 
Flight-  Co'itiol  System  (PFCSj  , Automatic  Flight  Control  System 
(AFCS)  control  laws,  and  associated  redundancy  management 
techniques. 

The  purpose  of  this  report  is  to  present  a final  summary  of 
ATC  fii<jht  control  activities  directed  toward  development  and 
demons! r atiun  of  the  HLH  Automatic  Flight  Control  System  on 
the  347  Flight  Research  Vehicle.  Information  presented  in 
this  (locv’men..  rerves  as  technical  substantiation  for  the  rec- 
omm':’nde(i  HIJi  A'-'CS  described  in  Volume  I. 


1.1.2  ill.'l  Mission 

The  principal  mission  of  the  Heavy  Lift  Helicopter  involves 
airborne  transfer  of  external  payloads  (up  to  35  tons  in 
weight)  , between  various  sites  in  VFR  and  IFR  weather,  day  or 
night.  Dictates  of  the  mission  require  precision  load  handling 
capability  for  efficient  acquisition  and  deposit  of  container- 
ized cargo  within  confined  areas,  including  moving  ships.  To 
facilitate  this  type  of  operation,  the  HLH  aircraft  is  con- 
figured witf  a rear-facing  crew  station  occupied  by  a Load 


ConLro  1,  linq  Crewman  ( IjCC)-  LCC  has  an  nnobs true  tod  ^iew 

of  t!u'  load,  and  sf'pnrato  airc:raft.  controls  optimized  for  pre- 
cise manenverinq  and  t.rim  hiold  .Limchions  required  for  cargo 
trans  f (U- . 

] . 1 . 3 Fli(|lit  Control  System  Concept  and  Requ j rvmTients 

Tlie  ri'cil  'key  to  IILll  success  lies  in  high  efficiency  load 
acquisition  and  placement.  Existing  transport  helicopters 
handle  irelativcly  large  external  loads,  but  not  witViin  con- 
fined arcjis  in  instrument  weather.  Rapid  load  acquisition 
requires  tlint  ground-referenced  linear  velocity  control 
responses  be  provided  to  the  load  crewman.  The  necessity  for 
controlling  the  aircraft  relative  to  ground  velocity  at  low 
speed  arises  because  the  primary  task  is  to  transfer  the  load 
witli  respect  to  ground  coordinates,  and  not  air  mass  references. 
Forward  flight,  on  tlic  other  hand,  requires  the  use  of  air- 
mass  velocity  reference  to  match  the  vehicle  control  task. 

An  intoqrated  " f 1 y-liy-v/irc"  flight  control  system  was  con- 
tractually specified  by  tl>o  Army  for  the  IILH.  To  meet  this 
requirement,  a control  system  concept  was  defined  (during  the 
ECS  ATC  Task  1,  Part  1),  which  incorporates  a 100%  authority 
primary  flight  control  patli  interfaced  with  a limited  author- 
ity automatic'  fliglit  control  system.  Figure  2 illustrates 
liow  the  FCS  concept  is  implemented  in  the  HLH  vehicle. 

'I'he  primary  fliglit  control  system,  as  shown  at  the  top  of  the 
diaejrarn,  is  composed  of  cockpit  controls  and  a direct  electri- 
cal linkaejo  system  (DELS).  The  DELS  is  a multi -redundant 
electrical  analocjy  of  the  pushrods,  bellcranks,  boosts,  and 
stain  1 i ty  augmentation  actuator  interfacing  found  in  conven- 
ticjnal  mechanical  control  systcims.  It  forms  a direct  path 

bclwc’en  the  coci'vpit  controls  and  tlie  rotors,  and  is  character- 
ized ijy  functional  simplicity  resulting  in  very  higli  rei.ia- 
Irility.  A complete  ciescription  of  t)iis  system  is  presented 
in  I'CS  Volume  Jl. 

The  AI’CS  is  a liini  tod- uu  tliori  ty  system  providing  stability 
and  control  aurjaientation  and  autopilot-type  capability.  It 
iia.s  liotii  d 1 ! i (’rential  and  ptiralliil  outputs  in  each  c'ontrol 
a.xi!;,  as  .sliovoi  in  the  lower  part  of  the  cliart,  and  incorporates 
.soph  1 ;;t  i c;atc:J  control  law  teclinolocjy  to  eifecL  the  hicjii  level 
of  iMndlinq'  qualities  required  lor  t!u;  IILH  mission.  Variations 
in  recpiirc'i  handl  i nq  cjualit.ics  for  different  types  of  missions 
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,ir<'  riK't  Llvrc^uqli  t-lic  us;o  of  seLcctablo  AJ'CS  modes.  This 
apjjro.u’h  to  eonfrol  sysfem  i nipLemen l.iit-ion  permits  design 
options  wtiicli  onecjmpass  different  rt'dundancy  levels,  software 
nu'chan  i/.i  t i on.; , and  mission  discharge;  prerequisites. 

Tlu'  i;t:'Ioeted  eontrrjl  .system  concept  was  chosen  in  lieu  of  a 
I u 1 1 - .iut  hor  i ty  AFCS  (with  no  piumary  control  patli)  because: 

• lllLimati'  flight  safety  is  dependent  on  the  primary  flight 
control  system.  Since  the  direct  path  has  t'.he  minimum 
numlicr  of  components,  the  highe.st  flight  safety  i.s 
icliit'ved  at  the  lowest  co.st. 

• Mis.sions  not  r‘'quiring  an  AFCS  can  be  accomplished  with 
t-hc'  AFCS  inoperative  since  the  airframe  has  been  provided 
with  neutral  stability  througli  n.so  of  careful  aerodynamic 
dc.sign  of  thi'  fuselage  and  delta  three  hinging  on  the 

f o r w;,i  r' d rotor. 

• AFCS  optimization  can  be  carried  out  independent  of  tht^ 
primary  control  system.  This  will  be  a particu Icir ly  use- 
ful feature  for  both  tlie  initial  aircraft  and  growth 
models,  when  new  or  improved  AFCS  modes  are  identified 

by  f,lif)hi  experience 

• The  primary  flight  control  system  and  AFCS  can  utilize 
.different  redundancy  levels  and  management  techniques. 

• The  AFCS  can  always  be  easily  overridden!  by  the  pilot, 
enabling  rr.axirnum  vehicle  usage  to  or  beyond  established 
envelope  extremes.  For  example,  if  it  is  necessary  to 
perform  evasive  maneuvers,  the  AFCS  does  not  impose  any 
onve-iope  constraint  (as  may  happen  with  a lOO-percent 
iuthority  systeii.)  . 

1 . 2 .AFCS  DESIGN  OBJECTIVES 

Specific  AFCS  handling  qualities  design  c)bjectivcs  for  th 
HLK  were  establislied  in  the  original  ATC  Statement  of  Work 
(Re' fern ‘nee  2),  and  were  then  amplified  in  the  Reference  3 
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Prime  Item  Description  Document.  Objectives  oriented  toward 
handling  qualities  wore  to : 

• Simplify  the  piloting  task 

• Optimize  vehicle  handling  qualities 

• Minimize  pilot  switching  modes  of  operation  between 
flight  regimes  and  eliminate  transients  introduced  as  a 
result  of  mode  switching  or  control  transfer  between 
pilot  s . 

Performance  goals  for  the  augmented  aircraft  included: 

» Providing  the  pilot  with  a precision  control  capability 
to  position  the  helicopter  (or  load)  within  ± 4 inches 
vertically  and  horizontally  and  +2  degrees  in  azimuth 
with  respect  to  a selected  reference  within  two  minutes, 
starting  from  a point  several  hundred  feet  away  from  the 
target,  under  gusty  conditions,  with  steady  wind  veloci- 
ties of  up  to  45  knots  applied  from  any  azimuth. 

• Providing  automatic  positioning  of  the  helicopter  over  a 
load  after  cable  attachment,  and  automatic  load  stabili- 
zation, tlius  permitting  IFR  operations  without  requiring 
pilot  inputs  for  stabilizing  the  aircraft. 

In  addition  to  meeting  the  handling  qualities  and  performance 
objectives  stated  above.  Reference  3 stipulates  that  the 
requirements  of  MIL-H-8501A  (Reference  4),  and  its  approved 
Army  deviations,  should  also  be  adhered  to  in  design  of  the 
HLH  flight  control  system. 

Objectives  related  to  AFCS  redundancy  management  were  set  to 
meet  mission  reliability  goals,  and  comprised  the  following 
tasks  : 

• To  provide  single-fail-operational  computational  AFCS 
capability. 

• To  interface  the  AFCS  with  the  two-fail  operative  DELS, 
without  degrading  the  DELS. 
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and  LriiJlox  sensors  to  the  triple 


• To  co\sple  sim[rlc>:,  dufilex, 

Al  'C.'S  con'puter  •■o.'itp  Lex  . 

• "o  eliminate  time-critical  switchinq  tc  avoid  false  turnoff 
inol.i ! ems  . 

^ ^ IdTSIGN  AIM’ROACIl 

To  achieve  the  nli  v'ctivies  just  outlined,  the  Loliov/ing  tech- 
nical ,ipp'.roarli  was  adopted: 

!.  I mp  Lcmentat  ion  of  a liasic  fitability  and  control  aug- 
mentation mode  lor  IFk  flight  operation,  supplemented  by 
additional  pilot  s'-loctab.lo  modes  for  special  mission 
tasks,  including  altitude  hold,  automatic  approach  to 
hover,  hover  hold  and  load  stabilization  and  positioning, 
and  hover  trim. 

2.  Application  of  the  concent  of  separate  stability  and 
maneuverability  optimization,  through  the  use  of  care- 
fully designed  feedback  and  feedforward  networks  and 
logic.  Tlii  s approach  avoids  the  usual  compromise  in 
AFCS  dec,  ign  where  hlgli  1<  veLs  of  stability  result  in 
poor  maneuverability  anvi  vie..-  versa. 

3.  Incorporation  of  a true  transient-free  switching  capa- 
bility into  the  AFCS  software  and  hardware  to  eliminate 
the  effect  of  transitioning  from  groundspeed  to  airspeed 
reference  or  from  one  flight  mode  to  another. 

Use  of  this  design  approach  in  the  development  of  AFCS  soft- 
v,/are  and  riardware  packages  for  the  347  Flight  Research  Air- 
craft is  discussed  next. 

1 . 4 AFCS  SOF'I’WARE  IMPLEMENTATION  - CONTROL  LAWS  AND  LOGIC 

The  path  followed  in  developing  control  laws  a."'d  logic  for  the 
347  Research  Vehicle  AFCS  started  with  extensive  theoretical 
analysis  aimed  at  defining  preliminary  block  diagrams  for  each 
control  axis.  Initial  control  law  mechanizations  have  been 
updated  and  modified  over  the  past  three  years,  through  use 
of  linear  and  full  envelope  flight  simulation  techniques  whic’i 
provideci  botli  unpiloted  and  piloted  evaluation  data.  These 
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developmontal  siniu.laticns  were  carried  ovit  at  Boeing  Vertol, 
and  in  the  Northrop  large  amplitude  and  low  speed  rotational 
simulators  located  in  Hawthorne,  California.  Final  AFCS 
refinement  was  accomplished  fin  the  347  aircraft  during  the 
spring  and  summer  of  1974,  where  changes  in  control  laws  and 
logic  were  incorporated  to  produce  the  desired  handling  quali- 
ties for  the  flight  evaluation. 

The  AF'CS  developed  through  this  evolutionary  process  provides 
augmentation  in  all  four  control  axes.  Functionally,  there 
are  si.x  differential  AFCS  output  signals  associated  with  air- 
craft control.  They  include;  longitudinal  control 
(generated  tnrough  differential  collective  pitch,  and  longi- 
tudinal cyclic  pitch  on  both  rotors  at  low  speed) ; lateral 
and  directional  control  (provided  by  lateral  cyclic  pitch); 
and  vertical  control  introduced  through  changes  in  collective 
pitch  on  both  rotors  simultaneously.  Each  control  axis  also 
incorporates  an  output  parallel  command  signal  to  backdrive 
the  cockpit  controls  for  trim  compensation,  or  guidance. 

The  AFCS  control  laws  provide  for  a basic  Stability  and  Control 
Augmentation  (SCAS)  mode  of  operation,  and  other  selectable 
modes  engaged  only  for  execution  of  special  tasks.  The 
Stability  and  Conttv^l  Augmentation  mode  is  summarized  first. 

1.4.1  Basic  Stability  and  Control  Augmentation  Mode  (SCAS) 

Table  3 presents  a summary  of  .stability  and  maneuverability 
characteristics  with  the  SCAS  mode  engaged.  Three  axes  of 
augmentation  are  provided;  longitudinal,  lateral  and  direc- 
tional. A linear  velocity  demand  response  referenced  to 
ground  speed  was  selected  for  the  longitudinal  and  lateral 
axes  at  low  speed.  In  forward  flight,  (with  airspeed  > 45 
knots)  velocity  control  is  maintained  in  the  longitudinal 
axis  through  airspeed,  while  lateral  control  becomes  bank  angle 
or  turn  coruiTiand.  In  the  directional  axis,  turn  rate  response 
is  commanded  at  low  speed  and  sideslip  at  high  speed.  Rate  of 
climb  is  maintained  for  vertical  response  at  all  speeds,  and 
this  is  obtained  entirely  through  basic  aircraft  damping. 

The  software  associated  with  each  AFCS  axis  is  comprised  of 
separate  feedback  and  feedforward  networks  for  effecting  the 
desired  levels  of  stability  and  manueverabi li ty . All  axes 
utilize  angular  rate  damping  and  attitude  hold  for  stability 
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VERNIER  CONTROL  (BEEP)  PROVIDED  GREATER  THAN  45  KN 


aicjti'i  With  tlie  vt'J.oci  ty  1(  ips  airead''  iia  a t iancd . I’ccdfoi  .vat  a 
"qu  i ckt'n  i nq " function;;  iirc  providec'.  in  the  Lateral  and  dir.'i’-- 
tion.il  axes  along  with  fcx'dlitick  path:;  for  turn  compensation. 
Tlie  Intc'ra]  axi.s  also  Ih'at.uroK  a limited  bank  attitvicLc  st.i.ck 
qrafiiiait  for  Il'R  Lumdlinq  qua!  'ties  oniiunreinent . As  indicated 
in  'r.diln  d,  'll  axes  xci'pi..  .tical  riro  pii‘''idcd  v/ith  vernier 
"Liecp"  control  cap.ibi  I ity. 

Two  i qni  [leant  concept;;  ri'sull  inn  t rom  'he  han  M iin  qnal  i 

tic.s  I equ  1 rem'''nts  arc  ■'•mbocl  i < ' i n l di  t .i.i  1 c ' ' i >1  1 : 

a t.ab  1 ! i t V c r ' t ('r  1 a 1 1 un. a 1 i ■ a . : i ..  n e i^’c ■ ra ) > ' : ' ■ i n ■ . i d. 

ations  ml  .nwitchinq  1 i oni  lu  >.  r ■ <'/  ror’  ird  fliq.  l i,  - npenne 

chara<.:ter  I s t 1 <■:;  is  iii't.iiii  aom;..  . a, ' (tmed  ic  , and  t.rat.ii  id 
f rt>e . 


i . 4 . . , 1 G t 1 1 I 1 1 t;^  M • ’ Ma  I K.'i r ■ ■ 1 1)  i 1 1 ty 

F(min.)..a'k  ' f cod  [ orw.i  r 1 aimminq  networks  and  Icajic  sv/i  tci  i i nq 
tcclu  iquc'S  arc  usc-u  t(  ■ avoid  i.he  usual  comproiniseii  that  must 
bo  made  in  nstalil  i sh  ing  stability  and  maneuverability  .1  oveJ  s ; 

1 . c 'hen  t al ) i 1 i t v ' hioh,  'n-i  neuver.  ibi  1 1 ty  is  too  1 f.)W  or 
vice  't-r.sa.  .Summintj  mcllHid;;  re  q-pi  i cd  where  a control 
qradi  ent  requirement  <,  :-:ist.''  'ih<'  mimminq  apiire'ach  used  in 

the  1 onq  1 1,  ufl  I ' la  ] AFC.G  axi.s  i.;  il  luslt.it.ed  in  Fiejure  1,  wlitiroin 
pitch  attitinie  and  vc'locity  f^H'dl)  if.’ks  ire  .summed  .vith  filtered 
stick  posit  ion.  A AG-knot-per  inch  st.ihli'  1 i.tnq  1 1 i id  ini  1 stick 
qradient  results.  Speed  stability,  controlled  exc  lus  i v'cly  by 
the  feedback.  :.iqnals,  is  characterized  by  a 10-knot  per- inch 
equiv  ilen*  si  i ck  cfradie-nk. 

For  a lonqitudinal  step  input,  the.  .system  n sponsi'  will  ini  - 
tiall'/  be  pitch  rate  blending  into  .ittitudi  , wliirdi  c iuse.3 
aircriit  acceleration.  As  the  velocity  approaches  tiiat. 
co-niinanded  bv  the  stick,  helicopter  attitude  adjusts  to  the 
trim  v.ilue  (see  Figure  4).  The  vehicle  thus  exhibits  extremely 
strong  velocity  hrild  characteristics.  Fcodb.ack  .signals  are 
used  to  optimise  stability,  .and  f c-dforwa.rd  inputs  are  then 
determined  solely  on  tlio  basis  of  e'esired  maneuver.,>bi  11  ty 
or  control  gradient. 


Lonqitui.iinal 
Control  Input 


Airspeed  (I  n) 


FIGURES.  LONGITUDINAL  STABILITY/MANEUVERABILITY 

(SUMMING  TECHNIQUE) 
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FIGURE  4. INSTANTANEOUS  GROUNDSPEED  TO  TED  REFERENCE 

TRANSFER  BIAS  ELIMINATION,  30  KNOT  HEAD  WIND 


T’hc  low  spood  heauirxj  hold  and  yaw  rate  command  control  laws, 
(shown  in  Fiquro  t) , are  an  example  of  use  of  logic  techniques 
to  effect  separate  fvanctionai  optimi  Z'.ation  within  the  AFCS. 
Directional  stiibility  is  provided  by  yaw  rate  and  heading 
signals.  The  heading  signal  is  also  processed  through  a 
synchroniser.  Pilot  maneuver  initiation  causes  instantaneous 
lieading  synchronization  (with.  Lhe  heading  feedback  going  to 
zero)  , and  tlie  result  is  a yaw  rate  response.  At  maneuver 
completion,  synchronizatioii  ceases  and  a smooth  return  to  the 
h'  ading  hold  condition  follows. 

1.4  1.2  I,ow  Speed  to  Forward  Flight  Velocity  Reference  Change 

The  tiesired  velocity  reference  is  groundspeed  for  low  speed 
operations,  and  airspeed  in  forward  flight  (as  shown  in 
Table  3) . Winus  create  a difference  in  the  reference  feed- 
back signal  which  would  tend  to  introduce  transients  on 
switching  if  provisions  were  not  made  in  the  AFCS  to  correct 
for  tlie  problem.  To  illustrate  the  point,  an  aitcraft  hovering 
in  a 40-knot  wind  would  see  an  airspeed  of  40  knots,  and  the 
groundspeed  would  bo  zero. 

Transients  resulting  from  switching  between  these  two  ref- 
erences arc  avoided  with  a velocity  reference  transfer  switch, 
which  provides  a bias  signal  to  reposition  the  cockpit  stick 
and  cancel  the  disparity  between  tlie  references.  The  bias 
signal  is  proportional  to  the  amount  the  cockpit  control  is 
offset  from  its  true  groundspeed  or  airspeed  position.  Bias 
is  rc'moved  after  force  trimming  the  stick,  by  slowly  parallel 
backdriving  the  controls  to  their  corre^ct  position  without 
disturbing  tlic  aircraft  (see  Figure  4)  . 

As  pointed  out  earlier  in  Table  3,  changes  occur  in  lateral 
and  directional  control  functions  between  low  ana  r.igh  speed 
flight.  In  hover,  heading  is  controlled  by  the  directiorial 
pedals  and  in  forward  flight  by  lateral  stick  motion.  This 
crossover  is  accomplished  by  using  the  same  transfer  logic 
described  for  the  longitudinal  axis,  with  the  bias  signal 
representing  the  difference  between  lateral  velocity  feedback 
at  low  speed,  and  bank  angle  in  forward  flight. 
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DIRECTIONAL  STABILITY/ MANEUVERABILITY 
( LOGIC  TECHNIQUE) 


1.4.2  Additional  Selectable  AFCS  Control  Modes 


1.4. 2.1  Altitude  Flold  Mode 

Altitude  hold  engagement  results  in  automatic  altitude  main- 
tenance over  the  full  flight  envelope.  When  the  aircraft  is 
less  than  200  feet  above  the  ground,  the  system  uses  radar 
reference.  Above  200  feet,  barometric  reference  is  utilized. 
Inertial  damping  is  provided  at  all  altitudes,  using  a fil- 
tered vertical  acceleration  signal  on  barometric  reference, 
and  radar  altitude  rate  complemented  with  vertical  accelera- 
tion on  radai  reference. 

1.4. 2. 2 Hover  Hold  Mode 

The  precision  hover  accuracies  specified  for  helicopter  and/ 
or  load  control  necessitate  an  automatic  hover  positioning 
and  hold  system.  With  the  helicopter  hovering  50  feet  above 
the  surface,  human  perception  and  reaction  times  are  inadequate 
for  manual  perform.ance  of  the  task  without  assistance. 

To  provide  automatic  precision  hold  capability,  high  gain 
feedback  loop  closures  using  extremely  accurate  ground  velocity 
and  position  information  are  incorporated  into  the  AFCS  con- 
trol laws,  A .^elf-contained  gyro-stabilized  Precision  Hover 
Sensor  (PHS) . developed  specifically  for  the  HLH,  generates 
the  required  position  and  velocity  feedbacks  relative  to  the 
scene  observed  beneath  tl»o  helicopter.  The  sensor  uses  an 
optical-  position  tracking  scheme  for  perceiving  movement  in 
che  horizontal  p>lane,  and  a laser  ranging  device  to  establish 
vertical  motion.  Design  accuracies  for  the  sensor  refj.ect 
+ 1 inci.  or  better  position  capability  for  all  axes,  and  a 
velocity  tolerance  of  ^1  inch  per  second.  Maximum  velocities 
are  linited  to  three  feet  per  second.  Horizontal  range  is 
j-  4 feet  and  the  altitude  operating  band  lies  betw’een  25  and 
12  5 


Estimated  aircraft  position  hold  capability  as  a function  of 
turbulence  level  is  shovm  in  Figure  6.  Note  that  the  lateral 
a.:is  is  most  sensitive,  with  the  +4-inch  position  hold  objec- 
tive achieved  in  turbulence  having  peak  gusts  up  to  5 feet 
per  .Tecond.  Flight  test  results  with  the  347  Research  Vehicle 
show  these  estimates  to  be  reasonable. 

If  the  signals  from  the  PHS  sei.sor  are  unavailable  due  to 
poor  scene  contrast  or  excessive  aircraft  translational  speed, 
the  hover  hold  system  reverts  to  a tight  velocity  maintenance 
system  using  groundspeed  reference.!  from  inertial  and  radar 
sources . 

The  load-controlling  crewman  (LCC)  operates  through  the 
Hover  Hold  system  to  precisely  control  the  aircraft,  using  a 
four-axis  sidearan  finger/bail  controller  to  accomplish  the 
task  (see  Figure  1).  The  controller  Stic,'  is  manipulated 
with  the  fingers  and  thumb  of  the  right  hard,  while  the 
forearm  and  wrist  are  supported  by  an  armre.st.  The  left  hand 
is  free  for  winch  control  operation. 

Fore-and-aft  stick  motioi.  produces  up  to  +15  feet  per  second 
longitudinal  groundspeed  and  right  or  left  movement  commands 
up  to  ;fl5  feet  per  second  lateral  velocity.  Twisting  the 
ball  results  in  up  to  +8  degrees  per  second  yaw  rata;  while 
vertical  motion  commands  as  m.ch  as  + 360  feet  per  minute 
rate  of  cli'.nb.  By  visualizing  tlie  ball  as  the  aircraft 
center  of  gravity,  the  LCC  can  easily  relate  his  control  input 
to  movement  of  the  aircraft. 

Velocity  commands  are  non-linear  in  all  axes.  .\s  illustrated 
in  Figure  7,  low  magnitude  inputs  around  trim  result  in  very- 
small  (creep)  velocity  changes.  Large’-  inputs  afford  sub- 
stantially greater  (leap)  velocity  responses.  With  the  pre- 
cision hover  sensor  operating,  LCC  controller  (beep)  pulses 
are  used  to  produce  aircraft  displacements  of  +2  inches  about 
the  precision  sensor  fix.  This  allows  individual  axis  posi- 
tion tuning  without  the  loss  of  position  hold,  which  is 
particularly  important  in  turbulent  conditions.  Command 
authorities  are  referenced  to  relative  groundspeed,  as  noted 
in  the  figure  and  are  applicable  with  winds  up  to  45  knots 
from  any'  direction.  Zero  relative  ground  speed  may  be 
referenced  to  either  a fixed  or  moving  target  (such  as  a ship 
steaming  at  sea) . 
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CONTROLLER 


FIGURE  7. 

LCC  CONTROLLER  CONFIGURATION  a RESPONSE  SCHEDULING 


The  tancii.^m  iDtor  lu' I i (.‘opi.  (.m  c1c:?  ii;ii  ..i.ff  oroo  a nn.i  qae  traria- 

lijtiona  l vt;l(jcity  rasponso  char.ic t-ar  i rst Ic  for  LCC  loiiyicurtinal. 
mnnt'iive'i- s , tlirc^nqli  vjr.c'  of  lon<j  i.  Mui  i na  i.  cyclic  i^itcli  or  thru.‘'t 
vector.'  tilt..  ijonrj.i  trul  iiial  translation  is  of  fee  toe  wi  mini- 
mal fnsol^l<}o  pitch  rotation,  tiicreby  el im.i.aa ting  t'ne  usual 
lags  in  po.sition  ro.sponso  a.ssociatcd  with  this  type  of 
man CUV e r . 

1.4.  2 . 3 I, oar  1 S t ab  i i i e.at  i oi'i  i^odo 

The  load  .stabilization  .yy.st.oivi  (bSS)  proviid;;.s  tlirec  control 
fuuct.ion.s,  all  of  v,^hich  .\r<:  illustrated  ia  Figur'.'  8.  Theses 
include' ; 

Load  Conte'rintj  wherre  the..'  aircraft  is  automatically 
centered  and  he; Id  over  a load  unt.ii  liftoff  to  preves.nt 
load  dragginej. 

load S t ab j.  1 i z a t j on  providing  tendular  mode  damping 

enhancement . 

Load  Positiejn  Uejrld  - which  maintains  aircraft  position  e.'jver 
the  Lead  during  liftoff,  and  holds  load  position  relative  to 
the  c| round  when  ai.rborne. 

Lightly  damped  low-f roquenev  load  pendulum  modes  cause  two 
significant  problems  relati'ce  to  the  HLH  mission.  First,  the 
task  of  placing  the  load  ar.-curately  is  difficult  and  time 
consuming,  sinco!  load  oscillat.ions  created  by  aircraft  marieuvex*- 
ing  or  turbulence  require  an  exceptionally  long  time  to  decay. 
Second,  sustained  low-frequency  longitudinal  helicopter 
accelerations  due  to  load  motion  are  disorienting  and  fatiguing 
to  the  pilot,  and  can  .load  to  pi  1 ot-in-the--loop  .oscillations 
during  instrviment  flight. 

1.4. 2.4  Hover  Trim  Mode 

To  overcome  tt.e  problt.-n  of  establishing  zero  groundspeed  in 
low  visibility  IF,8  conditions:  , a hover  trim  system  \/as  devel- 
oped and  evaluated.  When  the  mode  is  selected,  aircraft  con- 
trols are  a'ltomatically  driver,  to  a force  trim  reference 
corresponding  to  zero  groundspeed. 
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Aut-DiiKil  it’  Aj^’pi  1(1  1 Movic 


The  aj-'pro.u:!)  Lo  lioveT  modt'  inquire;;  naviepitioii  and 

guidance'  procc.s.:  i ikj  . 'I'ln'  n.ivigaLjon  i n i ( a ma  t uwi  is  required 
for  pri'Sf'nt.  po;:itio!'.  ami  de;'d.  i n<i  i.  i on  < -cord  l aa  te  ri'l'»,?ronces  . 
Guidance  process  i n<.)  consi.d,;;  of  ;)ro!n:amni  i nq  Llio  vr>hicle  to 
foJlow  a p}-('d('t.e;  in  I M<  d t >■  an  s i t i on  to  hovta'.  Only  tlu:  cpiidance 
control  laws  requi  rtai  ti.)  poiionu  the  icLuiil  transition,  with 
the  pilot  either  in  or  onl.  of  the  loop,  wore  covered  in  the 
ATC  program.  'f'lie  ays'  em  can  Ifu-n  ix.'  coupl  od  t..o  various  types 
oi  naviq.ition  systems  wliirh  pr'ovide  the  proper  coordinate 
ref  eri'ncos , 

1.4.1  Contro  i haw  Atip  I.  icali  i j ily  to  HLH 

Due  to  aerodynamic  similaritv',  tin.'  set  of  control  laws 
developed  for  d monstration  on  tlu'  347  Fliqht  Research  Vehicle 
will  be  directly  .ippil  i cabl  c‘  to  the  lildl  ARCS.  Unpiloted  hybrid 
simulation  resitlt't  indic^ite  tdiat  iln.'  !ll,H  will  have  handling 
qualities  si'nilar  to  thosf'  exhibited  by  the  347,  with  only 
minor  chango.s  in  control  system  <iains,  t.i,me  constants,  etc., 
required  Lo  achieve  thi  .s  capabilit  y. 

1 . 5 AFCS  HARDWARE  IMPI.MMRNTATION 

Hardware  developed  for  feasibility  demonstration  of  the  HLH 
AFCS  on  the  347  Fliqht  Research  Vehicle  includes  a set  of 
triplex  incremental  digital  flic/ht  control  computers  and 
input/output  processors  (lOi’s),  various  sensors  (including 
the  Precision  Uov<>r  .Sensor  already  discussed),  and  associated 
control  and  di.ipiay  panels. 

AFCS  computers,  iOl^s,  and  spociiil  pamds  were  developed  and 
built  by  the  Airrralt  Equipment  Division  cf  the  General  Elec- 
tric Comnany.  The.-  AFCS  mechanization  concept  relating  AFCS 
hardware  components  and  the  primary  flight  control  system  is 
illustrated  in  Figure  9.  On  the  left  are  shown  the  different 
cont’'cl  input  signals  and  mode  selections  passing  into  the 
computers  througli  analog  to  digital  (A/D)  converters  and  the 
discrete  interface.  Analog  sensor  signals  for  stability  aug- 
mentation arc  shown  on  the  right. 


STATUS  DISPLAYS 
BUILT-IN  TEST  EQUIPMENT 

FIGURE  9. 

AFCS  MECHANIZATION  CONCEPT 


Control  lav;  computations,  sensor  s.ciections , sii/ruil  processing, 
and  redundancy  managenuMit  tasks  are  carried  out  within  the 
computor/lOP  network,  along  with  required  modal  logic  switch- 
ing. Procf^'ssed  output  commands  pass  through  D/A  converters 
to  tlie  cockpit  driver  actuators  or  into  the  DELS. 

A description  of  tlie  major  AFCS  hardware  elements  and  the 
functional  lelationships  existing  between  components  follows. 

1.5.1  Fl  iqlit  Control  Computers  and  lOp  Processors 

Digita]  tecliniques  were  selected  to  perform  the  AFCS  computa- 
tions because  of  requirements  for; 

• Maximum  trancter  function  flexibility 

• Precision  in  axis  transformation  and  integration  of 
functions  while  maintaining  adequate  stability  margins 
in  the  presence  of  high-gain  loops 

• Close  tracking  of  redundant  signals  to  minimize  failure 
transients 

• Built-in  test  capabilities  which  generally  involve 
software  ratht'r  than  hardware. 

1 . 5 . 1 . 1 Computers 

The  three  computers  utilized  for  processing  AFCS  control  laws 
(see  Figure  10)  are  identically  programmed  serial-incremental 
machines,  A time-shared  incremental  arithmetic  unit  (in  each 
computer)  is  a mechanization  of  a special  algorithm  which  is 
specifically  designed  for  efficient  solution  of  algebraic  and 
differential  equations.  Processing  operations  performed  by 
the  arithmetic  unit  are  specified  by  software  program  instruc- 
tions for  each  algorithm  function.  Individual  computers  have 
processing  capability  for  256  algorithms  with  branching 
available  for  an  additional  256.  Computations  utilize  16-bit 
effective  word/lengths  corresponding  to  +32,767  machine  units. 

The  basic  computer  system  bandwidth  is  established  by  the  slew 
rate  limit,  input  filters,  and  sampling  rate.  Slew  rate  limits 
define  the  pieak  rate  at  which  internal  variables  can  change  in 
incremental  type  computers.  The  largest  variable  incre.ment 
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FIGURE  10. 

FLIGHT  RESEARCH  VEHICLE  AUTOMATIC  FLIGHT  CONTROL 

SYSTEM  COMPONENTS 
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IMrity  chocks  and  t-iniinq  nion i trim  aii’  uso.i  Lo  provide  a comp- 
rchorici  j.  VO  fai]ui.  c iJoLr^c.-L.i  on  capa>.)  LI  .i  ty . I'l.inct.ions  sucii  a.s 
i nt.oq  r.i  t.  j.on  liavo  software  I .?  ini  t.o  r s pro.)  r ammor]  ic^.r  overflow 
protc'c  L.1  on  . [liirc.'waro  nion  i htjo  1 1 .f)  ; r.  a v,i  i 1 , ib  1 o to  .shut  down  an 
aftr-ct.oci  computer  in  tdio  'o/ent  ot  . ■ nnpu  La  i...i  on.j  1 ri'/cr  f i ov.) . 
proijram  control  and  id  i;  o;  i iiuV-Mi''i  i-ua,,  don.)  v;i  Lti  1 i:-;.  d 
p<ir.\mc’ti’r  riata  arc  ;;Lo>.:'d  ;n  f-.rur'  rivid- >'.n ) y-nuM’.ic  ry  (ROM) 
circuit  boards.  Shi  i i ciji.ii  ct.-.  imi  rairioin  ai inomory 
dovicc’.s  provide  c.  tor.a.n'  ior  who)-::  vaird  .md  i nc  r(..’nicr..  t.j  1 vari- 
ables. Monioi.'y  jdrotoc'ti  evn  .i  c>  iruv);,  p.oi,  a t.i  ri  into  the'  ROM  dcarqn 
sn  that  pf.r.vor  loss  or  cl  octa  i.c<i ) tmn;;  i r'nts  will,  not  ilte.'i' 
stored  data. 

Tile'  nrn  pn’toty|,>o  \n'l;iol<'‘  wi  I.'  vrso  the  dbOS  ccmiput  L n<!  li.er'lwnro 
dfimonstra  Leri  on  th"  I'l,  i.qlrt  vera', mli  VR'liiclo  '.v.j  th  rr..i  nor 
roproqraiiu’ii  no  for  dfji!  p/a,r.arn..  '.e’r'.;. 

.1  . 5 . 1 . 2 lOP  Procr  ;;t.;  in  j 

Each  cf  the  throe  lOPs  (shown  in  .'•■.efuro  .( ], ) performs  the 
following  operations  jn  si.pport  of  it-;  a.ssoc.i  a ted  computer: 

• Sc3nso.r  and  discretr'i  input.  sj..rn.ii,  cond  1 tioiri  nq ; i.e  , 

demodu  lilt  ion  , / i 1 t. -r  i rr  i,.  .md  I e'e  j chamfinej 

• .Input  siqn.^l  mu  1 1.  i pi  - r-.-i  n.-)  and  m 'i  1. . i -to i i et  i t,i  I 
conver i on 

• Cro.js-cdianr.fji  r.crial  diyiit.al  data  ceinunun  i ca  1 1 ..n 

• Input  SKjnal  fai.lurc  iron  i tor  in..j|  an;!  sigii..ci  ',;eLoct  i on 
,»  System  iine.!  ..ixis  level  tail  .siiutc.ic.-wn  log.Le 

• Uarrlware’  pirocc:;;:  i ng  ot  t i i.ght  control  lav,'  modeti  logi;’ 

• Dic^  i ta  1 - 1 o-'a.n..i  J og  (.•(..mver  s.’.  on  and  e,.H'p,|.  .■/dio  li)  for  comiaand 
.and  'i.Lspl  .y  riuLput..; 

i . (o  , eont.  r,-..il  , sequen.:  i mj , .iiid  iTiunitorinq 
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figure  II.  SIGNAL  ‘NTERFACE  FLOW  FOR  TRIPLEX  SENSORS 
AND  COMPUTERS 


I .Td  i vi  ciaal  ror  pr  ac’<.:t'’.>L  52  cliiinm ■ 1, ol  d i.  f f orontia  1 

analoq  AC  and  DC  datia,  four  cl'.anneis  of  400  Hz,  AC  synchro,  and 
2 channels  of  sor  i .» 1 -d  i<j.i  tal  whole-word  data,  and  (>4  discrete 
Ionic  inputs.  Oxitputs  inclutie  16  chanrurls  ct  DC  analoc/ 
samplo-liold  data  and  >10  disert^te  siqnala. 

As  depicted  in  I'iquii'  11,  senr.or  si<jn,Al.i  input  to  i^ach  lOP 
are  passed  tlAroAiqh  s i (jnal -condi  Li  oni  circuitry.  signals 

arc  tlu'n  crossfed  amon';}  the  tl»  rtjo  lOPs  followed  by  median 
selection  in  tl'c  input  p'occssor.  'Phis  insures  tiiat  each 
pArocesjsor  transmits  the  s^^n^c  data  signal  to  its  c:omf.njter . 
Concurrent  with  median  selc'ction  is  a failure'  monitoring 
function  to  doti'rniiiu:  which  signal,  i.  f any,  exceed;:  allowable 
tolerances.  Corrc'ct  identification  of  sensor  failure  con- 
stitutes the  most  ilifficult  part  of  redundancy  management. 

Suosequent  to  a first  failure,  tlic  rc'ma:iniag  two  signals  are 
averaged  which  minimizes  any  transient  in  the  event  of  a 
second  identical  sensor  or  signal -condi tioning  failure.  The 
AFCS,  being  single-fail  operational,  .\/ill  continue  to  function 
normally  after  first  failure,  but  will  shut  dcwi  after  an 
identical  second  failure.  The  averaging  will  generally  reduce 
any  transient  associated  v/ith  the  signal  zeroing  after  second 
failure.  The  signals  are  majority  voted  within  the  computers. 
This  precludes  a transmission  line  failure  between  the  lOP 
and  computer  which  would  cause  a computer  shutdown. 

The  majority  voting  insures  that  the  three  computers  all 
rccci\'c  the  same  input  signals  so  that  each  computer  processes 
data  identical  to  tfie  least  significant  bit,.  The  three  sig- 
nals are  again  voted  in  the  output  stage  of  the  input/output 
processor,  Chen  converted  to  analog  for  transfer  to  the  primary 
flight  control  system,  or  to  the  various  status  and  control 
panels,  as  appropriate. 

?luilt~in  Test  Equipment  (31TE)  functions  are  an  important  part 
of  the  .TOP  design.  The  BITE  system  is  semi-automatic  and  is 
used  to  check  system  failure  detection  circuits.  The  concept 
employed  can  determine  during  pref l-rgh.t  test  that  all  failure 
monitors  are  working  properly,  greatly  reducing  the  probability 
of.  an  undetected  in-flight  failure.  The  BITE  system  can  only 
01=*  .irmed  when  the  engine  throttle  levers  are  in  the  OFF  posi- 
tion; otherwise  BITE  is  inhibited  to  preclude  inadvertent 
operation  during  flight  which  would  cause  AI’CS  failures. 
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1.5.2  Sensors-  ami  CcaiLLc^l/pi  splay  i>ai^el.s 

T)ie  continuous  sensor-s  ntili;'oci  in  the  AFCS  include  triple-, 
dual-,  and  ,single-red\indant  sensors. 

• Triplc-x-odundant  son-sor::  include  pi  tci'.  and  roil  attitude; 
heading;  pitch,  roll,  and  vaw  ratt-  gyros;  load- 'ontrol- 
ling  cte^wman  controller  individuLi!  sixis  positions;  side- 
slip, and  airspeed. 

• Dual -redundant  sensors  inedude  iongitv;dinal  and  lateral 
ground  speed,  reference  barometric  altitude,  and  vertical 
acceleration . 

• Single  sensors  include  a precision  'nover  sensor  to  sense 
tnree-axis  ineru'itient  ai  position  and  thret; -axis  ground 
reference  velocity,  a radar  altimeter  to  .sense  altitude 
and  altitude  rate,  forward,  and  ait  external  load  cable 
angles,  and  forward  and  aft  external  load  cable  tensions. 

The  AFCS  also  utilizes  various  discrete  sensors  such  as  cock- 
pit control  detents  and  ground  contact  switches. 

Control  and  display  panels  u.scd  in  the  .AFCS  flight  dem.onstra- 
tion  are  divided  into  two  groups.  The  first  covers  those 
panels  required  for  the  production  MLll  configuration,  including 
mode  select,  two  failure  status  depiction  panels,  and  BITE. 

A second  group  lequired  to  support  flight  testing  of  the 
developmental  .system  lias  a paramete,'  change,/di  splay  unit,  a 
system  test  function  panel,  and  two  discrete  status  paneis. 

The  mode  select  pane]  (shown  in  Figure  10)  provides  norrrial 
control  of  pilot  selectable  modes  as  well  as  BITE  arm  and 
fault  reset  functions.  The  AFCS  failure  status  panel  provides 
a display  of  failures  within  the  computers  and  lOP  units,  and 
a "second  fail"  display  is  also  available.  The  BITE  panel 
utilizes  a rotary  detent  switch  to  oelec;t  a channel  for  testing, 
and  incorpora  cos  a series  of  six  lights  to  identify  the  test 
number  in  progress. 


65 


1.5.3 


Redundancy  Management  Scheme 


Tlie  conibinevd  sensor,  lOP.  and  coiTipute;.  system  depicted  at  the 
bottom  of  Figure  iO  provides  fail-operational/f ai j -saf e per- 
.form>ance  for  triplex  sensors,  fai].safe  performance  for  dual 
sensors,  and  fail -limited  pvor Cormanco  for  single  sensors. 

Fail  operational  is  used  for  a systera  first  failure.  Fail 
operational  per fox'inance  is  defined  cis  that  condition  where  no 
systevi  performance  degradation  is  exp>er j.enced  v/ith  a system 
first  '-ilurc.  Faij-safe  is  used  whor;  a system  second  failure 
occurs.  Fail-safe  performance  is  defined  as  that  condition 
where  any'  transient  control  signal,  transmitted  to  the  primary 
flight  control  system  upon  a failure  can  be  safely  compensated 
for  by  pilot  actiovi.  Fail  limited  is  d,efined  as  that  condi- 
tion where  failure  of  n nonredundant  sensor  associated  with  a 
selectable  mode  is  limited  to  a magnitude  which  permits  the 
pilot  to  override  and/or  switch  off  the  affecred  mode. 

The  .Z\FCS,  althougn  not  considered  essential  to  safety  of 
flight,  is  categorized  into  three  regimes  regardi.ag  criticality 
and  consequent  functional  capability  following  loss  or  degrada- 
tion of  equipment  capability; 

« Sy.stem  level  failures  are  deemed  most  critical,  requiring 
total  AFCS  slmtdown  and  reversion  to  vinaugmented  flight. 

• AFCS  axis  faiivires  require  the  shutdown  of  individual 
or  multiple  cc’ubinations  of  axes. 

• Selectable  mode  failures,  de<;med  least  critical,  require 
manual  disengagement  or  pilot  override  of  the  selected 
mode . 

Majority  bogie  Voting/Failure  Monitoring  - As  showrx  in  Figure 
11,  the  processed  sensor  signal  is  sent  from  each  lOP  to  all 
three  computers,  whereapon  separace  input  voters  compare  the 
three  inputs,  (bit-by-bit),  two  at  a time.  The  voter  jutputs 
a signal  corresponding  to  two  of  it.s  three  inputs.  If  one 
input  differs  from  the  other  two,  a first  faiJure  output  is 
generated.  Subsequent  to  the  first  failure,  a second  failure 
output  is  generated  when  the  remaining  (and  previously 
non-failed)  .signals  differ.  Voter  and  failure  moni  oring 
circniits  arc  placed  at  strate<;ic  points  througliout  tiie  com- 
puter and  lOP  network  to  assist  in  rapid  fault  detection. 
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1.5.4  DELS  Interfacing  for  the  AFCS 

AFCS  interfacing  with  the  DELS  consists  of  splitting  the 
differential  signal  into  trim  and  dynamic  compensation  paths 
as  illustrated  in  Figure  12.  The  trim  path  provides  long-term 
trim  correction  of  a low-frequency  nature,  as  typified  by 
the  directional  pedal  offset  with  airspeed.  High-frequency 
compensation  requirements  like  yaw  rate  damping  are  provided 
by  the  dynamic  path.  Separate  amplitude  limits  are  included 
tor  each  path.  Cross  signaling  from  the  static  path  contin- 
ually recenters  the  dynamic  path. 

The  network  reduces  smoothly  to  ^ero  after  AFCS  disengagement- 
switch  closure.  This  means  that  cockpit  control  sensitivity, 
power,  and  margins  are  unaffected  by  AFCS  handover  conditions. 
Aiithorities  and  signal  conditioning  were  selected  to  keep 
short-term  impulse-type  disturbances  after  handover,  as  well 
as  long-term  trim  changes,  within  safe  levels.  Thus,  the 
AFCS  can  experience  a handover  without  impairing  flight 
safety . 

1 . 6 FLIGHT  EVALUATIONS 

1.6.1  347  HLH/ATC  Demonstrator  Aircraft 

The  lioeing  347  Flight  Research  Aircraft  w is  used  to  demon- 
strate HLH  fly-by-wire  feasibility  and  handling  quality  con- 
cepts, Inherent  stability  and  control  characteristics  of  the 
347  are  similar  to  the  HLH. 

A retractable  capsule  was  in.stalled  to  simulate  the  HLH  load- 
controlling crewman  station.  The  station  was  equipped  with 
the  prototype  finger/bail  conti'ollcr  and  necessary  mode  select 
panels.  A two-point  load  suspension  system  is  incorporated, 
and  a top  lift  adapter  with  remote  LCC  locking  mechanism  con- 
trol was  available  for  acquisition  of  an  8x8x20-foot  MILVAN 
container . 

The  mechanical  control  runs  between  the  cockput  controls  and 
swashplate  power  actuators  were  disconnected  and  replaced  by 
a DELS  fly-by-wire  linkage  (Volume  II) . The  automatic  control 
system  used  triplex  incremental  digital  computers  with  sep- 
arate input/output  processors  containing  modal  logic. 
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FIGURE  12.  HLH  FLIGHT  CONTROL  SYSTEM  DELS  AFCS  INTERFACE 


1 . h . 2 '/I' *-  ii'',) 

i (Ic^vflopnK'nt  wn;;  c,-on<'kic: t.c'c  1 ht’Lwf’cn  April  <\nd 

Oi- 'v  oT  1 kV'i-  vv'ith  -ipjoi.-ox  iin.i  ti  ■ I y'  K.  hour.".  di.'voL(^d  to  ba.sio 
SCA;-; , 4()  }\our!;  tfi  iiovc-r  liold  and  l.CC  opc'raLion  without  a 

lend,  j.nu  ('4  honrr;  v'i  tl)  a load  .i  tic  lui  1 L nq  load  .s  t<ibi  1 i za  tion  . 

Two  d . q . .hrniY'  ra  olimiiiar  y ovit  1. nations  wore  concJucted. 

Al''d,s  l .Livjht  t.ostinq  was  .iccompl  isluni  in  a soquonti.al  manner 
ur.iriq  f'oiur  so  Itw.i  rt'  program  phases-  (I)  Ra.sic.'  .SC’A.h , (2)  lti;;i(' 

SCAd  li'id  Povor  hold,  (1)  SCAS,  hover  hold,  and  I.,oad 

•S  tal)  I I i r.it  loti , itrv.l  (4)  Ij.tsic  hCAo  and  Automatic  Approaeri  to 

liOVf  ■ I"  . 

1.7  "llSUT/.f'.S  AND  (TlN'cq.lTS  [QNS 

'Die  j)i  ncipai  r-c  ;ic  ! u.sion.s  of  atc  procfocim  reviewed  in  this 

so(-t.ion  roflcM-t  ro.vatlt:;  of  th<'  AFCS  flifjht  evaluations. 

i<ocomnK,‘n<kiti  onri  ..tre  l-a.ued  on  tfutt  -a 'su  1 to  and  addros.s  the  feasi- 
lo  ! i t of  illiH  Itandlinq  qualitit-.s  conoc'pt.s  . Basic  SCAS  i.s 
covorv'd  first,  followed  by  .sol  cctalrlo  modes. 

1 .7.1  Bai-.ic  SCA.S 

i'lie  liasic  ‘tq/v.q  opt'r-atii.on  was  evaluatc'd  thronqlicti t the  fliqht 
envelope  and  inf'luded  asscssment.s  of  dY'nanuc  and  static 
■staljtliiy,  ermt ro  1 1 <ib i 1 i ty , and  velocity  rofoisence  niodo 
.sw  i tc ! i i nt] . 

1 . 7 . 1 . i Dyn.imic  .Stabi  1 i ty 

nyiiamie  rdaldlity  evaluations  w'  re  performed  1;^'  injr:'Ctinq 
[jul.se;;  and  .sLt.'p.s  into  the  ilitpit.  (.;onLrols  by  nv'ans  of  tl',o  AFCS 
tf'st.  tiinetion  p.inel  control  .s  (>ii  IdertmLia  1 pulse;;  and  parallel 
.steps)  , and  also  by  mtinual  inptjts  bv'  t.he  pilot.  Dyitaani!.: 
stcibi  ! i t.\’  in  al  1 a o'.s  was  ver%'  (.((tod.  with  a pilot  rmalitative 
.ratiiKj  {hUI’S)  ol  Damp  i nil  ruj'fmentation  in  thc^  vcrticctl 

a.xi;:  w'.os  1 (juii'i  t:o  )tc  unnece.s.sa t y because'  of  hiqli  i.nlu-rent 
d.u'ipinq  of  the  b.a.sic:-  airframe. 


1 . 7 „ 1 . V? 


Siiit.  j 1 ! ’ ty 

St.it.  i('  1 onq  i t.mi  i ri:i  1 and  1 ' /'"d  i.i'i'ir  L.i.oi'.,  i i.  ix'st..;;  wore,  con- 

dnt;  f.cd  in  Icvol  1 tiirnn.  cliini):;,  parti a.l.  pow.:'r  doncentn 

.ina  aiU-c-Tfatat  i.on  . c.'onti'o  l t:.r  ini  ijiajd.' r-iits  and  < i ''oundspeed , 

.( ) ■('(  1 , lamls  anq!<'  and  lio.adiiu)  hfd.c!  (du.i rac ta r i s ti cs  wer  e 

ansoara'd,  Lonq  i t I'd  i tm  .1  , l.iit.'iai  1.  anrl  cii  rc'ct.i  ona  I cf'-itrol 
([TMiii  .'nt:.  anqnientat  i on  pf'r trjrnii'd  vt'ry  sii  L.is fac  to.i; i l.y . Lareje 
ctia/i' nn;  aou.ld  la-  ni.idc  in  eitlior  ait.  ap<.H-d  or  vortical  spood 
with  no  rua'ci  for  piiad.;  Lriminiiu';  in  any  otiior  axis. 

Airspeed  ho  U'.i  abo\a'  K'Ji'  knots  v-'as  excellent  (PQRS  A-l}  in 
both  n t.aiii  J i and  and  inavn,n,ver  iny  fliqht.  in  turn  maneuvers  at 
siov^  t-o  iivulerat'.-  speeris  (hC~-.U)  knots),  airsiieod  hold  was  poor, 
Airspv‘cai  inerarased  '>  to  10  knots  in  right  turns  and  decreased 
slighi.lv  in  lelt.  ta.irns  (A--4)  . 

(iround spiced  iiold  La.-Iow  4:;  knots  vi'as  .acceptable  for  normal 
hover  and  b>v/  speed  rtianeuver iriv.)  (A-1)  . The  velocity  gains 
wore  toia  low,  however,  t.o  (.•natjlc'  the  jiilot  to  preci.se.ly 
acquire  nud  ?iiaintain  ii  xero  velocity  trim  for  holding  posi- 
tion auri,i;.|  cargo  opr'rata cnis  (A-'4)  . Tlie  liigher  liovc;:  lioxd 
gai.ns  (t..<  MCA.S  level:;)  wurre  near  <.g:t  imuii.  for  meeting  these 
ra";'qu  .i  laamen  ts  . 

Dank  a ng  j e ..jhJ  luaadi  ng  l:.old  slai.iility  was  satisfactory  over 
the  cempieto  (.nivelo})-.:;  (Al.'i). 

■■  .7.1  . don  ti  <)  1.  l.;.b  i 1.  i Ly 

AircrailL  i to  primar-y  c'antroj.  and  bei.'p  trim  inp^uts  was 

evaluated  during  liover,,  Lrans  it  ion,,  an(.l  ,a,jrward  flitjlit.  Approach 
and  d(  :pi..;  r tu  re  main -us 'T"  , inc’ Irul  inC)  I'oli-on  lantJings  and  run- 
ning ,.,a)‘a;ol  Is,  ■.vi..'r<,'  condiictoo. 

Beep)  tr  im  w.as  acceptable  in  longitudinal  and  lateral  control 
(Ai  to  l.'l),  howevi/r  , till*  desi  rain  1 i ty  of  a varivib!  e rate  beep 
tr  im  c (intiol  i.n  lieu  of  1 xxtid  rate  control  was  indicatci.  Tlic 
pr  -sent  i sed  gain  i a too  liigh  ior  varnierr  beep  inputs 

in  hov^v , and  too  lov/  for  "bee  p and  hold"  inputs  usf'd  to  ch.anqe 
speed  or  C(:.:ndu(:'t-  fairn  maneuver  in  cruise.  Dirr'ct. ional  beepj 
trim  coidrol.  oi.r  i ataai  ai  .'cepta)  > i y . It  wars  jud<.j(,-d  to  be 
unnr-cessary  .in  flic  f-kadi  I 147  aircraft.,  din-  to  cpiori  piedal 
contrcji  clia  I i<  d or  ; .sf  1 ' -s  of  ‘.he  ..ngiiKMiteil  a i rc"  ra  t , 
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M-Jneiu'i 'fab  i 1 ity  c’liar.H.- 1 t-r  istu;;;  i.lon'on!;t,r-atid  in  .]  onqicuciinal 
acco.la -ra t.  i (jns  and  (U'cad  ('rat  ior.a  , p<'rla  i.  1 i,>:  -d  aocsrai iia  tc'd 
turn.s,  and  sideslips,  etc.,  v/cre  excel  loir.  (A1  to  i.i)- 
Dnr.in()  "liands  ol'f  Ic'vel  f l iivhL  rapid  di'oel  oraition  nuinovivors, 
u.siaig  iia.f/h  nosii  up  at.  t i tiidcr; , AFCS/PIlbS  i nti'r  f a;-'’  authority 
was  bottonieil  at  api.iroxiinatcl  \ h'  .knots  ^ln'l  required  pilot 
stability  inputs  to  complete  the  maneuver.  Tiie  limited  b.ink 
angle  lateral  .stii-k  cjradic'nt  (securitv  tdanket)  oftr'red 
improved  tr  imnuib  i 1 i ty  about  .sero  h-ank  angle,  a.-.  w(?ll  as  a 
control  tree  return  to  "wing  level"  trim. 

The  J47  lu'l  ieoptcu:  was  equipp('(.<  with  a "f  i ya'ip'  control  i o.rce 
feel  .syivt.eni,  consistirni  of  breakout  t (uees , linear  gradi'ints 
and  viscous  dampin').  In  ATt.'  t light;  ta-st?;  < 'over  i iicj  '.vl  I areas 
of  HLH  fli'jht  opt.'ra  tions , tlnre  v/as  no  iruhi  cation  of.  any 
shortcorn,Lnq  in  tlr.'  fix-al  for'.''  fi.iol  torn ; iior  di.l  there.' 
appeal'  to  bo  mucl'*  potcnt.ial  for  s i gi’ .i  ! icant  imprca/cmcnt  in 
handling  qualities  with  a pro'jranmialil  e forc'i  feel  syst.em, 

1.7,  1.4  Velocity  Mode  Transfer  Switchi.ng 

Tlio  automatic  Lran:'.  fer  b(..' tween  qround  ref eriaiced  IMU  veloci- 
ties tielow  4':)  knots,  and  airspeed  reference:  (or  visa  versa) 
was  thoroughly  e.hccked  by  p<‘rforming  straitjlit  and.  turning 
accclorat.ion  and  deceleration  maneuvers  i.n  di.ffercnt  effoc- 
tivo  wind  conditions. 

For  most  maneuvers,  velocity  reference  transfer  was  transient 
free  and  bias  elimination  thirough  control  hiackdrive  generally 
went  undetected  by  the  pilot  {h2  to  2 . h ) . .During  accelerations 
wherein  steep  turns  were  init. fated  just  prior  to  velocity 
reference  switchover,  the  lateral  bias  magnitude  was  suffi- 
ciently large  to  exceed  ai'aHable  AFCS/DEL.S  authority  limits 
making  retrim  difficult  (U-71. 

1 , 7 . 1 . h Basic  ,SCAS  Fiecommi^ndat  ions 

All  Ij  isic  SCAS  functions  are  desircible  for  ii  corporation  i.n  tht' 
HIiH  Arcs  '.'xcept  for  vertical  darapi.ng  augmentation.  The 
following  ■■  i iprovemi’nt  s snould  be  incorjjorated  to  overcome  the 
def i c 1 ( no ies  noted  above. 


J L‘ ^ ‘ * ’ L_l*’ii.r„’l;i.  ...1 t-t>.  _k,n<_>.t£; ) - I n c o :t' p r a t C;  a b a n k 

aiigle  < :ro;;a  Icu'd  into  the  loncn  tud  i na  1 axis,  sclu-duled  with 
airspood  to  rompona:ito  for  airspeed  dc;viations. 

pilot  Controj  in  Hover  llol(i  Mo^ie  - Provide  the  pilot  a vernier 
velocity  control  capability  tlirougli  r. tick  bi>op  trim  when  the 
hover  hold  rnodr  is  enqaqod.  Tn  addition,  incorporate  a pilot 
override  capability  ol;  any  individual  axis  when  on  hovex'  hold. 
This  pirrmits  lerrger  p-osition  change  maneuvers  on  basic  SCAS 
without.  dis(‘ugaginq  all  liovei'  hold  axes. 

Hands-Off  Steep  Flare  Controllabi.1  ity  - Incorporate  a para- 
llel stick  hackdrive  command  to  provide  additional  attitude 
stabi  1 i/,at.i  on  wJren  the  AFCS/DELS  interface  i s approaerhing 
satura  ti on . 

Force  I-eel  Fystom  - Eliminate  prog.rammable  force  feel  from 
the  HLH  requi  rement.s  . 

Velocity  Mode  Transfer  Switch  - Incorporate  a limit  on  the 
output  oi  the  Lateral  velocity  transfer  switch  to  provide 
AFCF)  control  margin  for  damping.  Revise  logic  to  inh.ibit 
lateral  velocity  incde  transfer  until  bias  magnitude  is  below 
a p r e s C'  1 e c : t c d value. 

1 .7.2  Altitude  liold 

1.7.2. 1 Barometric  Keforcncc 


Reasonable  alt.itudo  hold  characteristics  were  realized  on  baro- 
metric reference  (A-2) . Small  continuously  changing  collective 
and  power  corrections  to  maintain  altitude  during  cruise  in 
turbulent  air  were  very  undesirable.  Excessive  altitude 
deviat-ions  feet)  occurred  in  steep  banked  turns  at 

s 1 c .')  w a i r s p e e d s . 

Transmission  overtorque  by  automatic  collective  pitch  drive 
occurred  when  oprrating  near  torque  limits  (A-5) . Test  pilot 
monitor  .md  coll<?ctive  r^^^^-rride  maintained  a-ccoptable  limits 
in  tl’i'  ATE  program. 
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i , 7 , 2 . 2 Rade3  r Reference 


w'l' 


Altitude  hold  in  the  hover  region  on  radar  reference  was 
acceptable  wlien  the  sensor  was  performing  satif actorily 
(Al)  , but  was3  svibstantial ly  degraded  during  flight  over  grass 
due  to  frequent  sensor  noise  spikes.  In  addition,  load 
interference;  with  the  radar  beam  for  50-foot  cables  caused 
heavy  aircraft  vertical  deviations  (U-8) . In  forward  flight 
below  200  fcjet  altitude,  sharp  movements  of  the  collective 
were  created  in  an  attempt  to  follow  the  terrain  contour. 

1.7.2. 3 Automatic  Baro/Radar  Reference  Switching 

Transitions  through  the  200-foot  switch  point  were  accomplished 
with  no  apparent  transients  (A-2) . Aircraft  transients  due 
to  hardove;:  failures  of  the  single  radar  altitude  reference 
are  imsafe  and  vinacceptable  during  precision  cargo  operations 

(u-a) . 

1.7. 2.4  /.Ititude  Hold  Recommendations 

Both  radar  and  baro  hold  functions  are  desirable  for  use  in 
the  HLH  with  the  folloviing  modifications. 

Altitude  Hold  Control  Lav/s 


Provide  barometric  altitude  hold  in  cruise  through  the  longi- 
tudinal AFCS  by  programming  small  attitude  and  airspeed  cor- 
rections, and  retain  collective  pitch  programming  for  long 
term  trimming  only. 

Provide  torque  limiting  to  preve.nt  dynamic  system  overtorque 
in  turn  maneuvers  and  heavy  load  acquisition  with  altitude 
hold  on. 

Provicie  an  airspeed  interlock  for  the  automatic  altitude  hold 
sensoi:  logic  to  inhibit  automatic  selection  of  radar  altitude 
above  50  knots. 
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Radar  Altimotior  Signal  QvialiLy 


Noise  Spikes  - incorporate  software  iiiodif icat ions  to  com- 
pensate for  signal  deficiencies  or_  improve  existing  sensor 
or  I'cplace  witli  new  sensor. 

External  Load  interference  ~ incorporate  bare  signal  selec- 
tion capability  on  liover  hold  or  reconfigure  hardware. 

Radar  Altimeter  F^\ilurc  - incorporate  verti.cfil  axis  freq- 
ency  splitter  and  provide  redundant  sensor. 

1.7.3  Hover  Hold  Mode  and  LCC  Operation 

1.7. 3.1  Hover  Hold/lMU  - FJadar 

Hover  hold  stability  and  controllability  characteristics 
(both  with  and  without  external  loads)  were  evaluated  by 
means  of  pilot  and  LCC  step  and  pulse  inputs,  differential 
pulse  inputs,  aircraft  maneuvers  in  and  out  of  ground  effect, 
and  precision  positioning  of  loads.  Gains  set  for  this  mode 
were  judged  near  optimum  to  enable  the  LCC  to  control  and 
stabili7,e  the  helicopter  to  zero  relative  velocity;  however, 
pilot  control  was  limited  to  the  override  only  capability 
described  earlier. 

Heading  and  vcloc’ty  hold  performance  on  IMU  reference  was 
rated  as  good  to  excellent  (A-1.5).  Vertical  hover  hold 
operations  wore  also  satisfactory  when  the  radar  altimeter 
was  functioning  properly,  but  problems  with  this  altitude 
sensor  caust-d  deterioration  in  altitude  hold  capability  as 
mentioned  in  1.7. 2. 2. 

Roll  axis  stability  was  degraded  with  external  loads  attached 
to  the  ail  craft, causing  a tendancy  for  roll  oscillations  to 
develop . 


1 .1 . i . 2 IiCC  Contirol 


Longitudinal,  diroctional,  and  vortical  LCCC  control  response 
and  sensitivity  were  very  good  (A-1.5),  but  further  development 
is  required  in  tlie  lateral  axis  (A-4)  to  achieve  precision  load 
positioning  objectives.  Good  acceleration  and  \'elocity  hold 
charac tc^r istics  were  demons tiva ted  for  shuttle  maneuvers  (A-2)  . 
Additional  LCC  control  authority  was  found  to  be  desir<able  to 
increase  maximum  transl^itional  velocity  in  the  longitudinal 
and  lateral  axes  for  furtlier  load  shuttle  optimization. 

The  "drift  clear"  function  for  removing  IMU  drift  operated 
acceptably  (A-4) , but  requires  improvement  to  reduce  LCC 
effort  and  eliminate  transients  and  velocity  errors.  Trim 
establishment  follov/ing  large  wind  shifts  or  commanded  heading 
changes  at  zero  groundspeed  was  not  quick  enough,  and  apprec- 
iable drifting  of  the  aircraft  occurred.  The  problem  was 
associated  primarily  with  lateral  cockpit  control  backdrivlng 
rate,  which  was  too  slow. 

Flight  training  requirements  for  the  load  controlling  crewman 
were  minimal,  following  development  testing,  54  hours  of 
demonstrations  at  U.S.  Army  facilities  were  conducted  in  which 
163  pilots  and  non-pilots  flew  from  the  capsule.  Control  of 
tne  aircraft  without  a load  was  quickly  mastered  in  5 to  10 
minutes,  enabling  precise  positioning.  Load  operations  were 
performed  by  two  Army  pilots  after  30  minutes  of  "no  load" 
familiarization. 

1 . 7 . 3 . 3 Hover  Hold/PHS 

Excellent  precision  hold  performance  was  demonstrated  for  the 
Hover  Hold/PHS  mode  over  a high  contrast  checkerboard  target 
grid  (A-1) . The  PHS  would  not  lock  on  co  grass  or 
other  low  contrast  targets,  however,  and  consistently  exhibited 
poor  reliability  during  testing.  For  these  reasons,  the 
sensor  was  no*,  considered  operationally  acceptable  in  its 
current  sr.ate  of  development. 
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when  t’lie  I'HS  c.id  operate  ae  dosiejned,  it  v/.m  very  iisefV'J.  for 
automatic  drift  cleariny  of  tlie  fMU.  If  ttie  nircrafe  was  was 
mareuvered  over  the  target  and  the  LCC  rc^leased  to  detent, 
the  PHS  drove  tlie  aircr£ift  to  ?:ern  velocity  and  cleared  any 
e y i s t i ng  I MU  d r i f t . 

how  velocity  hover  hold  m£\neuvcring  whiJe  using  tfie  PHS 
reference  was  hampered  by  frequent  undc.iirab.1  e control  tran- 
sients, and  was  therefore  downgraded  in  performance  because 
oi  this  fact  (A-5) . The  "beep"  position  control, on  the  other 
hand,  performed  well  and  was  considered  an  excellent  solution 
for  achieving  best  accuracy. 

1.7. 3.4  Cargo  Handling  Characteristics 

Cargo  handling  tasks  including  load  hookup,  shuttle,  and 
placement  wii.h  10-and  30-foot  crxbles  were  performed.  Execu- 
tion of  these  maneuvers  was  evaluated  without  benefit  of  the 
PHS  due  to  the  operational  problems  mentioned  above. 

Rapid  load  cable  hookup  by  a ground  crewman  was  performed 
easily  since  the  LCC  could  precisely  position  the  helicopter. 
MILVAN  acquisition  without  ground  cre’Aman  assistance  was 
accomplished  by  positioning  a toplift  adapter  on  the  MILVAN. 
Load  maneuvering  to  maximum  shuttle  groundspeeds  could  be 
performed  routinely. 

V/ith  the  final  hover  hold  configuration,  tne  MILVAN  on  10-foot 
cables  was  plac  ’■d  consistei.tly  within  a 1-foot  accuracy,  and 
on  the  load  transporter  pins  (±  1 in.  accuracy  required) 
occasionally.  The  MILVAN  can  be  lowered  onto  the  transporter 
pins  with  relative  ease,  using  18-inch  guide  vanes  which  funnel 
the  load  onto  the  transporter. 
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1 , 7 . 3 . S Hcvor  IIold/LCCC  Reconr^icndatio ns 

Botli  hovor  liold  modes  wore  dcttjrminod  to  be  feasible  for 
application  in  tlic  FILM  AFCS.  The  LCC  control  concept  was  also 
viilidated.  Althougli  the  PiiS  rt^quires  additional 
development  before  being  used  operationally,  hover  hold/PHS 
control  laws  were  sufficientiv  refined  to  meet  precision 
hold  and  positioning  goals  of  the  HLH  mission, 

The  improvements  listed  below  should  be  incorporated  to 
eJiminate  deficiencies  delineated  earlier. 

Hover  Hold/lMU-Radar : Improved  .schemes  for  pjlf;t  override 
and  vernier  control  to  position  anri  trim  the  aircraft  w.i.th 
the  hover  hold  mode  f'n<j£(ged  are  ncce.ssary , as  spelled  out 
in  i.  7 . 1 . f . 


Recommendations  for  providing  bett^-r  radar  altitude  hold 
performance,  aloiic;  with  suggested  improvements  in  sensor 
signal  quality  and  failure;  protection,  are  listed  in 
Section  1.7. 2. 4. 

LCC  Control 


LCC-Jg^eriiJ  Control  Response;  Improve  lateral  response, 
evaluate  feasibility  of  increasing  LCCC  travel, and  modify 
controller  command  scheduling. 

Aircraft  Roll  Excitation  with  Load:  Incorporate  progranmablt 
gain  variation  as  a function  of  load  weight. 

LCC  Control  Authority  for  Shuttle  Operation:  Adjust  longi- 
tudinal and  lateral  authority  to  permit  an  increase  in 
shuttle  voiocity  to  a maximum  of  12  knots.  Reduce  maximum 
vertical  vc.locity  from  360  feet  per  minute  to  240  feet  per 
mi nu<  a . 

Ilrj-ii..  Cl  ear  Transients  and  .Selection:  Latcli  the  drift  clear 
operation  until  groundspeed  errors  decay  to  zero  ana/or 
maiutain  groundspeed  feedback  throughout  the  drift  clear 
maneuver.  Evaluate  relocation  of  the;  drift  clear  switch  for 
the  load  CTC'^’Unan. 
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TriiQ  Rc-oatablisliineiit-  after  Wind  Shilt  ur  Turn  Maneuver; 
Increase  CCDA  backdrive  gains  when  directional  LCC  is  out  of 
detent,  and  evaluate  feeding  Icateral  LCCC  commands  into  the 
CCDA  as  a proportional  drive. 


Use  of  the  hover  hold/PHS  mode  is  desirable 
whenever  HLH  mission  requirements  dictate  precise  hold  .and 
position  maneuvering  with  large  external  loads.  Successful 
application  of  the  mode  is  heavily  dependent  upon  reliable 
signals  being  generated  by  the  PUS,  To  provide  these 
signals,  sensor  development  should  be  continued  toj 


• Ensure  Icck-on  and  accurate  noise-free  tracking  over 
any  type  of  surface,  regardless  of  contrast. 

• Substantially  improve  operational  reliability. 

• Package  sensor  components  to  minimize  size  and 
weight  for  production  implementation. 


1.7.4  Load  Stabilization  System  (LSS)  Mode 

LSS  pendular  damping  was  evaluated  in  hover  and  forward  flight 
to  speeds  v/here  che  aircraft  became  power  limited.  Long  and 
short  two-point  inverted  "Y"  and  "V"  cable  suspension  config- 
urations were  tested,  and  the  primary  load  utilized  was  an 
8X8X20“ foot  MILVAN  container.  A high-density  load  and  single- 
point trolley  combination  was  also  tested.  LSS  damping  was 
assess  d in  'never  from  both  the  pilot's  and  load-controlling 
crewman's  stations. 


The  capability  for  automatic  aircraft  centering  over  the  load 
prior  to  liftoff  was  evaluated  by  starting  out  with  the 
lielicfipiter  displaced  from  the  stationary  load  on  the  ground. 
Aircraft/load  offset  was  varied  during  the  testing,  and  an 
effort  was  made  to  maintain  positive  tension  on  both  cargo 
hooks  throughout  the  maneuver  to  achieve  satisfactory 
performance . 

The  third  LSS  feature  assessed  was  load  position  hold,  which 
required  both  the  pendular  damping  mode  and  PHS  to  be  active 
for  its  operation.  Test  results  for  each  of  the  three  LSS 
modf'S  are  r'^vit-wed  below. 


1.7. 4.1  Pendul.ir  Damping 


Load  pendular  damping  provided  by  the  LSS  was  very  effective 
in  attenuating  load  oscillations  for  all  cable  lengths,  v/ith 
the  longer  configurations  being  helped  most.  Using  th(i  30- 
foot  inverted  "Y"  suspension  (which  has  low  inherent,  damping 
because  of  the  long  cables) , LSS  damping  contributions  were 
judged  to  be  good  (A-3)  for  hover  and  load  placement  maneuvers, 
and  particularly  beneficial  in  stopping  large  amplitude 
directional  limit  cycling.  A longer  50-foot  sling  load  (of 
the  type  required  to  lower  a load  into  confined  areas)  could 
not  be  manually  stabili^ed  by  the  pilot  (or  LCC)  until  the 
LSS  damping  loops  were  engaged. 

Short  cable  testing  (with  an  11- foot  forward  and  9-foot  aft 
inverted  "V"  arrangement)  also  showed  improved  damping  pro- 
vided by  the  LSS.  Ride  qualities  in  cruise  were  degraded 
sligiitly,  however,  as  the  aircraft  was  displaced  to  daiap 
load  motion  (A-4) , making  light  loads  feel  like  heavier  ones 
to  the  pilot.  In  hover  and  load  placement  maneuvering, 
lateral  LSS  daimping  inputs  tended  to  work  in  opposition  to 
lateral  axis  LCCC  commands.  Since  the  short  sling  lateral 
ptndu ! um  mode  exhibits  some  inherent  damping,  LSS  gains  in 
the  lateral  axis  were  .set  to  zero  to  correct  the  LSS/LCC 
conflict . 

Uiq  1 ( -nsity  load  testing  showed  significantly  improved  longi- 
tudrnal/lateral  damping  characteristics  with  the  LSS  cramping 
loops  engaged.  Increased  cont’-ol  sensitivity  associated  with 
the  hig-ier  load  weight  required  the  use  of  reduced  roll 
attitude  and  rate  gains  -.a  the  SCAS  with  LSS  on. 

1.7.4.'/’  Aircraft  Centering  Over  Load 

Automatic  airi.  aft  centering  over  the  load  before  liftoff  was 
found  to  be  , .-asible  and  the  concept  worked  well  for  small 
( 4-foot)  ai rcraf t/load  offsets.  Undesirable  transients  were 
produced  if  jither  cable  became  slack  during  the  centering 
process,  a'  this  occurred  frequently  witli  larger  lateral 
load  offs*  a (rated  U-7)  . Without  the  LSS  centeri.ag  feature 
t'riT.iqed,  le  .LCC  found  the  manual  centering  task  to  be 
rclativel/  ea^'-y . Because  of  this,  requirements  for  a center- 
ing mcc'  are  relegated  to  a low  priority  fr)r  appl .i cat i on  on 
t'ne  ULh. 
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1.7.  4.  3 Automat i ':  Load  Position  Hold 


Use  of  additional  LSS  control  lav/s,  operating  with  the  LSS 
damping  and  hover  hold/PHS  loops  to  stabilize  load  position 
was  successful  for  the  directional  and  vertical  axes  only. 
Essentially  no  improveiuent  over  basic  LSS  damping  could  be 
achieved  because  the  position  feedbacks  tended  to  degrade 
damping  levels.  Due  to  the  fr'equency  response  of  the  load 
modes,  little  improvement  could  be  expected  with  the  position 
loops  engaged,  since  the  load  with  LSS  damping  only  is  almost 
as  tight  as  the  aircraft  without  a load. 

The  most  satis  factt)ry  configuration  for  load  position  hold 
utilized  only  the  1,SS  damping  loops  and  the  hover  hold/PHS 
networks . 

1.7. 4. 4 LSS  Recommendations 

LSS  Pendular  Damping  - I’se  of  the  LSS  pendular  damping  mode 
ts  recommended  for  heavy  lift  applications.  The  feasibility  of 
modifying  lateral  LSS  control  laws  foi  the  short  cable  con- 
figuration should  be  evaluated  to  ensure  transient-free 
lateral  maneuvering  with  the  LCCC  for  the  hover/load  place- 
ment task.  Also,  an  active  pendant  system  should  be  consider- 
ed (AAELSS) . 

Aircraft/Load  Centeiing  - An  automatic  load-centering  capabi-Lity 
is  net  necessary  unless  requirements  for  very  low  visibility 
centering  with  lont^  sling  load  cables  are  instituted  at  seme 
time  in  the  future.  Sucetjssful  application  of  this  LSS 
feature  will  require  some  type  of  automatic  winch  control  to 
maintain  cable  tension  thi'oughout  the  centering  operation. 

Automatic  Load  Position  Hold  - Incorporaf ion  of  additional 
LSS  contrcFI  Taws  for  load  position  hold  is  not  recommended 
for  HLH  implementation,.  'I'hc  best  hc>1d  jicrformance  is  achieved 
with  only  the  LSS  damj.c  ng  and  PHS  position  hold  loops  engaged. 

1.7.5  Automat ic  Approach  to  Hover . 

1,7. 5.1  Description  and  Test  Results 

The  automatic  ajqu.ijach  to  lu'Ver  mode  was  configured  for  dernon- 
stratirn,!  the  feasibiJity  to  manually  (follov/ing  flight 
director  commands)  or  automatically  tly  the  aircraft  down  an 
approach  path  terminating  in  a stabilized  hover,  A "present" 
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approach  profile  was  used,  starting  at  1,000  feet  above  the 
terrain  and  about  2-1/2  miles  from  the  intended  hover  point  and 
descending  to  a 100  foot  hover  following  a flaring  maneuver 
initiated  1/2  mile  out  at  295  feet. 

Because  of  the  fixed  profile  used,  the  point  of  termination 
depended  upon  where  the  pilot  engaged  the  approach.  precise 
maneuvering  was  required  to  reach  an  initial  approach  gate 
which  ensured  terminal  hover  over  the  desired  area.  The 
concept  mechanized  for  the  test  program  was  intended  for 
demonstration  of  control  processing  and  requires  additional 
functional  capability  for  operational  implementation. 

Manually  controlled  approaches  using  the  flight  director 
reference  were  easily  accomplished  under  simulated  IFR 
conditions  (under  the  hood)  both  with  and  without  external 
loads.  The  approach  profile  flown  by  the  aircraft  was  very 
close  to  the  planned  path  (A-3) . 

Automatic  coupled  approaches  were  also  performed  very  satis- 
factorily (A-2.5),  with  and  without  load'.  No  pitch 
attitude  limits  were  incorporated  in  the  approach  control 
laws.  Occasionally  during  developmental  testina,  excessive 
pitch  attitudes  resulted  due  to  exceeding  AFCS  authority 
limits  requiring  pilot  recovery. 

1.7. 5, 2 Automatic  Approach  to  Hover  Recommendations 

Automatic  approach  to  hover  would  enhance  HLH  operational 
capability  provided  the  approach  gat-  and/or  desired 
terminal  hover  position  could  be  dialed  into  the  INS.  Control 
laws  to  permit  this  type  of  referencing  should  be  developed, 
along  with  limits  to  correct  for  the  occasional  pitch  attitude 
exci rsion  problem  described  above. 

A flight  director  is  required  for  pilot  monitor  of  automatic 
approaches.  In  addition,  a selectable  missed  approach  profile 
is  also  required  on  the  flight  director  to  assist  the  pilot 
in  sale  approach  abort  maneuvering  in  adverse  weather. 
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1.7,6  Hover  Trim 


1.7. 6.1  System  Performance 

The  hover  trim  mode  was  conceived  to  trim  the  aircraft  to 
hover  (zero  IMU  velocity  in  the  longitudinal  and  lateral 
axes)  from  any  flight  configuration.  This  capability  offered 
no  significant  mission  enhancement,  and  as  experience  was 
gained,  the  feature  was  judged  useful  only  at  slow  speeds 
(less  than  40  knots)  for  automatically  trimming  the  aircraft  to 
a hover.  System  gains  produced  a very  slow  trim  rate  and 
any  IMU  drift  was  reflected  in  the  final  trim  condition 
(A-5) . This  mode  was  not  optimized. 

1 . 7 . 6 . 2 Hover  Trim  Recommendations 

Further  development  of  the  hover  trim  mode  for  HLH  imple- 
mentation is  not  recommended. 
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2.n  A'C  . :iOFT''J.\MV  L-  I 'i'  N'T  -■ 

awd"!  r.T  '_f  ' ■••uj.ati  on 

'I'liis  L.e^joLt  sect:io,ti  ■ l iiiriariscs  the  varin;-.'^;  analytical  and 
’''ilotod  flight;  siniulution  tasks  aocomp’ isi icd  over 
wo  and  one-haif  years  in  support  of  JlLii  AFCS  software  devel- 
opment. The  work  hi  S been  performed  as  part  of  the  IILH 
Advanced  Technology  componejil  (AT-r)  program.,  with  the  princi- 
ple effort  directed  tov/ard  flight  demonstration  of  the  HLH 
control  ].aws  and  logic  on  the  347  Flight  Research  Vehicle, 
durinj  the  spring  and  suiimer  of  1974. 

outlined  Ijelow  are  the  major  areas  of  analysis  and  simulation 
revic.'od  i,n  this  I'epojrt  secti>'iji: 

• Design  Analysis  • De.sign  ccitei  la  aiK-l  approach  are 
presented,  followed  by  discussi i.ni  of  OCAS  dev^elopment 
a’id  syn'.hesis  of  each  sol.ectablo  AFCS  Moo''..  Also  givc'ii 
i a s VM.  ifjsj of  the  de  vel.  )pment  of  the  rc  iuridancy 
nianagemcml  In  .:hi\  i tiucs  anoJicd  in  design  of  the  AFCS. 

• Piloted  Flight  Simulat.i'in  - ]F)th  tl\e  fuil  envelope  AFCS 
eva.1  uat.i.on  flovm  ^rn  I Ik  Nmrthrop  hai'ge  Amplitv\de 
Sim-jlator  (LAS/WAVS)  and  the  1 ;)ad  crewman/LCC  testing 
conducted  on  the  Northrop  Rotational  Simulator  arc 

I lescribod . 

• HLH  AFCS  Synthesis  - Applicability  of  the  Fliqnt  Research 
Vehicle  control  laws  and  logic  to  the  larger  HLH  aircraft 
ls  established  through  analysis  and  unpiloted  hybrid 
simulation. 

• computer  Software  - The  programm.ing  approach,  features 
of  software  control,  and  coiuputing  capacity,  are  treated. 

2. 1 DESIGN  ANALYSIS 

2.1.1  criteria  and  Requirements 

Ccjmprehcnsive  criteria  were  established  for  desiign  of  the  HLH 
Automatic  Flight  Control  System  early  in  the  ATC  Program. 

The  original  ATC  Statement  of  Work  (Reference  2)  contained  a 
set  of  "design  objectives"  for  the  AFCS,  and  the  prime  Item 
Description  Document  (PIDD)  (Reference  3),  delineated  both  objec- 
ti  ./-es  and  requirements.  TJie  SOW  design  objectives  are  divided 
roughly  into  two  groups  with  about  half  pertaining  to  handling 
qua.litie3  improvement  and  the?  remainder  to  r>pecific  "perform- 
ance" type  goals  for  the  augmented  aircraft.  Handling  quali- 
ties objectives  include: 

• fiimiii  i i ication  of  tlie  piloting  task. 
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• Optimization  of  vehicle  handling  qvialities . 

• Minimization  of  pilot  switching  modes  of  operation 
between  flight  regimes,  and  elimination  of  transients 
introduced  as  a result  of  mode  switching  or  transfer 
of  control  betv;een  pilot  s - 

Performance^ oriented  goals  for  the  augmented  aircraft  are 
somewhat  mere  spevcific  in  nature  as  indicated  by  requirements 
to  provide : 

• capability  for  the  pilot  to  position  the  helicopter 
and/cr  load  (without  visual  gjround  reference)  to  a 
prescribed  heading,  at  any  height  above  the  terrain 

up  to  100  feet,  and  within  4 inches  of  a ground  refer- 
ence point.  ihe  design  should  permit  accomplishment 
of  the  positioning  task  within  2 minutes,  starting 
from  a point  200  feet  above  ground  level  and  300  feet 
horizontally  from  the  x'efercnce  point,  under  gusty  wind 
conditions,  with  stead/  winds  of  up  to  45  knots  from 
any  azimuth. 

• capability  for  hands-off  hovering  (with  or  without  sun- 
suspended  load)  v/ithin  _r  4 inches  vertically,  ^ 4 inches 
horizonta.lly , and  within  2 degrees  of  a given  heading  , 
under  the  wind  conditions  proscribed  above. 

• capability  for  automatic  positioninq  of  the  helicopter 
vertically  over  a load  once  cables  are  attached  and 
under  tension. 

• cap)ability  for  automatic  load  stabilization  to  eliminate 
dangerously  unstable  moments,  thereby  porraitting  the 
lieli copter  to  be  flown  in  IFR  conditions  without 
stabilization  inputs  by  the  pilot. 

Other  SOW  objectives  dealing  with  hardware  perforraance  are 
revie'ved  later  in  the  AFCS  hardware  writeup  (Section  5.0), 
or  in  the  Flight  Control  System  Volume  it  document  v/hich 
covers  the  PFCS. 

Requirements  defined  in  the  PlDD,  Volume  I, relate  handling 
equalities  to  mission  accomplishment.  Tliis  document  states 
that  the  ilLll  flying  and  ground  handling  maneuvera-  neuvera- 
bility  and  stability,  witli  or  \\rithout  external  payload,  at 
all  usable  weights,  CGs,  airspeeds,  and  altitudes  within 
tliC  nr^rmal  flight  envelope,  " sha  1 1 he  adequate,  to  perform  the 
design  mission{s)  in  both  IFR  or  VFR  fiicTh.t  conditions " . 
Ivicludea  in  the  normal  flight  envelope  are  airspeeds  to  45 
knots  in  £niy  direction  starting  from  hover  in  still  air. 
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The  PlP/l.'j  alEo  stipulates  that  the  MIL,-lI-o50].A  specification 
(Reterence  4)  , witii  apjjroved  Army  deviatj.ons  for  autorota- 
tionai  descent  and  landing,  should  be  adhered  to  in  determin- 
ing aircraft  handling  cmalit.ies  for  both  augmented  and 
unaugme/'ted  flight  or  ground  operation. 

in  addition  to  the  PIDD  Volume  I requirements  mentioned  above, 
PIDD  volume  II  lists  additional  "stability  and  control" 
objectives  for  use  a=  guidelines  in  design  and  verification 
of  the  AFCS . These  relate  to  subjective  pilot  evaluations  of 
handling  qualities  through  use  of  the  Cooper-Harper  rating 
system  (Reference  5).  For  the  augmented  vehicle  (with  AFCS 
operating  normally)  ratings  of  2.0  or  better  are  desired. 

With  the  neutrally  stable  unaugmented  aircraft,  ratings  of 
no  worse  than  5.0  are  desired.  Cooper-Harper  rating  tech- 
niques were  utilized  extensively  throughout  the  various 
piloted  AFCS  simulations  and  f] ight  demonstrations  to  gauge 
progress  in  developing  flie  superior  handling  qualities 
required  for  the  HLH  mission. 

2.1.2  AFCS  Development  and  Design  Approach 

Development  - T)ie  development  of  AFCS  control  laws  and  logic 
for  the  iibii  helicopter  was  influenced  from  its  inception  by 
tv.’o  related  helicopter  handling  qua'ities  improvement  pro- 
grams in  progress  at  the  time  ATC  v.’crh  was  started.  Tliese 
were  the  joint  U.S.  Army-Canadian  government-Boeing  vertol 
Tactical  Aircraft  Guidance  System  (TAGS)  program  and  the 
Vertol- sponsoi'ed  Model  347  effort  monitored  by  the  Army. 

TAGS  features  considered  attractive  as  candidates  for  the  HLH 
AFCS  included  linear  velocity  control,  referenced  to  ground- 
speed  at  low  aircraft  velocity  and  to  airsj^eed  in  the  cruise 
region  of  the  flight  envelope,  and  digital  techniques  for 
AFCS  control  law  computation.  Elements  of  the  347  stabi], ity 
augmentation  system  with  potential  HLII  application  were  an 
improved  longitudinal  control  grauient  with  st-rong  velocity 
hold  capability,  and  utilization  cf  separate  stability  and 
maneuver  ability  optimization  techniques  to  achieve  desired 
handli;.g  quality  improvements,  such  as  command  bank  angle  and 
heading  hold. 

V?ith  background  of  the  TAGS  and  347  programs  available  during 
the  ULI!  concept  sciection  phase,  preliminary  analytical  inves- 
tiga cions  and  "nudge  base"  piloted  simulations  were  conducted 
at  Boeing  Vertol  to  provide  data  for  an  initial  definition  of 
baseline  AFCS  control  Jaw  mechanizations  for  later  develop- 
ment in  the  ATC  program.  These  mechanizations  were  documented 
isi  the  foim  cf  functional  block  diagrams  for  each  of  the  four 
control  axes.  The  A-’CS  definition  '^ftort  carried  out  since 
concept  selection  has  consisted  pritra,».  ’ ly  of  refiring  and 
updating  the  origirial  control  law  software  in  order  to  meet 
renuirements  and  objectives  previously  adopted. 
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Extensive  piloted  and  unpiloted  full-flight  envelope  simula- 
tions were  performed  at  Boeing  vertol  ar.d  at  Northrop  to 
supplement  and  confirm  analytical  control  system  development. 
Final  control  law  optimization  and  validation  was  accomplished 
with  the  347  Flight  Research  Vehicle.  changes  in  mechaniza- 
tion of  control  laws  were  minimized  on  the  flight  vehicle 
because  of  the  comprehensive  simulation  efforts  preceding  the 
flight  demonstration  program. 

In  the  refinement  of  AFCS  control  and  stability  loops  since 
Task  I,  part  1,  the  principal  analytical  and  simulation  tasks 
have  been  associated  with: 

• Determination  of  transient-free  groundspeed/airspeed 
phasing  and  lateral/directional  control  crossover 
techniques . 

• Development  of  !■  -Mjoe /hover-control  laws  for  precision 
maneuver  or  po.::i-  u.  molding  with  required  load  crewman 
controller  and  P cision  fiover  Sensor  interfacing. 

• Development  of  load  stabilization  and  positioning 
capability. 

• Synthesis  of  an  automatic  approach  to  hover  system. 

• Definition  of  requirements  for  control  features,  such 
as  the  limited  lateral  bank  angle  stick  gradient,  and 
the  altitude  hold  AFCS  mode. 

Design  Approach  - As  a result  of  the  concept  selection  studies, 
it  was  decided  that  the  HLH  FCS  would  be  made  up  of  a 100-per- 
cent-authority  direct  electrical  linkage  (DELS)  primary  control 
path,  interfaced  with  a limited-authority  Automatic  Flight 
control  System  (shown  schematically  in  Figure  13).  The  DELS 
is  an  electrical  analogy  of  components  usually  found  in  the 
m,echanic:al  control  runs  of  current  production  helicopters. 

Its  functions  include  transmitting  pilot  control  inputs  to 
the  rotor  system  (after  appropriate  mixing  or  blending),  and 
introducing  feed-forward  control  commands  into  the  AFCS. 
Differential  AFCS/delS  interfacing  is  accomplished  through  a 
frequency  selective  network  which  splits  fne  signal  into  trim 
and  dynamic  compensation  components,  and  serves  to  minimize 
the  effects  of  potential  AFCS  system-level  handover  failures. 

The  operational  success  of  the  HLH  vehicle  for  cargo  opera- 
tions in  all  types  of  weather  will  depend  upon  the  helicopter 
having  superior  IFR  flight  characteristics,  and  very  good  low- 
speed  control  and  position-hold  capabilities.  To  achieve  the 
required  level  of  handling  qualities,  two  important  design 
concepts  were  incorporated  into  the  AFCS  early  in  its  develop- 
ment ::ycle.  They  include: 
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tizzi  AUTOMATIC  FLIGHT  CONTROL  SYSTEM 

FIGURE  13.  HLH  FLIGHT  CONTROL  SYSTEM  CONFIGURATION 


Velocity  contro] , and 


• Pilot-selectable  AFCS  mode  capabilit:y,  ranging  from  basic 
stability  and  control  augmentation  (SCAS)  for  IFR  flight, 
to  special  tunctional  mode  selection  for  altitude  hold, 
automatic  approach  to  hover,  hover  hold,  load  stabiliza- 
tion and  positioning,  and  hover  trim. 

The  basic  SCAS  augmentation  system  features  relatively  high 
levels  of  stability  and  maneuverability.  The  conventional 
compromises  usually  existing  between  the  two  (i.e.,  too  much 
stability  resulting  in  poor  maneuverability  or  vice  versa) 
have  been  avoided  in  design  of  the  AFCS  through  application 
of  either  feedback-feedforward  summing  or  logic  techniques. 
These  methods  are  also  utilized  in  the  AFCS  software  to  pro- 
vide transient-free  switching  between  flight  modes. 

An  overall  summary  of  vehicle  stability  and  controllability 
is  presented  in  Tabic  4.  shown  in  the  Table  are  stability 
characteristics  of  the  aircraft  with  full-time  SCAS  augmenta- 
tion engaged,  and  with  various  selectable  AFCS  modes  in  opera- 
tion. The  Table  also  illustrates  helicopter  controllability 
by  showing  the  steady  state  response  of  the  aircraft  to  step 
control  inputs  in  each  axis. 

In  the  discussion  which  follows,  all  axes  of  the  basic  SCAS 
are  described  individually,  and  significant  analytical  devel- 
opment are  summarized.  Selectable  mode  capabilities  are 
covered  later  in  the  section. 
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2.1.3  AFCS  Basic  Stability  and  Control  Augmentation  System 

The  HLil  airframe  and  rotor  system  combination  is  designed  to 
produce  approximately  neutral  static  stability  without  AFCS 
augmentation.  Similar  character istics  are  found  on  the  347 
Flight  Research  VehieJe  which  was  used  to  demon- 
strate the  validity  of  HLIl  control  law  mechanization.  In  both 
aircraft,  neutral  stability  is  achieved  through  careful  aero- 
dynamic shaping  of  the  fuselage  and  x*otor  pylons,  and  by 
installing  delta-three  hinging  on  the  forward  rotor  to  reduce 
lift  slope  and  gust  sensitivity. 

Although  handling  characteristics  of  the  unaugmented  aircraft 
are  adequate  for  VFR  flight,  HLH  IFR  mission  accomplishment 
requires  engagement  of  the  basic  AFCS  stability  and  control 
system,  (SCA3)  . The  SCAS  provides  three-axis  control  and 
stability  augmentation  and  is  designed  to  meet  the  criteria 
stated  earlier  in  this  section.  Other  interesting  design 
features  include: 

• Elimination  of  control  axis  coupling  and  t ;im  control 
offsets  wit!  airspeed 

• Coord.i  noted  turn  capability  witli  single-axis  control 
inputs,  and 

• Provisions  for  vernier  "beep"  trim 

Control  Method  - The  basic  helicopter  control  system  (without 
augmentation)  is  capable  of  changing  rotor  thrust  either  col- 
lectively or  differentially  to  produce  vertical  or  angular 
pitching  motion.  In  addition,  the  rotor  thrust  vectors  may  be 
tilted  laterally  or  long j. tudinally  in  the  same  direction  to 
generate  rolling  motion  or  longitudinal  translation.  Differ- 
ential lateral  thrust  tilt  provides  yawing  motion.  Step 
control  inputs  in  pitch,  roll, and  yaw  result  initially  in 
angular  acceleration  (and  later  blend  into  constant  angular 
rates)  w]ien  nc  augmentation  feedback  loops  are  engaged.  Ver- 
tical control  inputs  creat<^  vertical  acceleration  and  then 
vertical  rate. 
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Aucrmentation  - By  feeding  back  (or  forward)  the  desired  para- 
meters in  an  automatic  servo  control  system,  basic  airframe 
response  may  be  modified  to  reflect  the  stability  (and 
controllability)  levels  of  the  outermost  loops  engaged.  In 
the  case  of  the  SCAS,  full-time  angular  rate  damping  and  atti- 
tude feedback  loops  are  provided  in  all  (but  the  vertical) 
axes.  Feedforward  networks  are  included  for  response  shaping, 
and  for  generating  the  desired  control  gradients  ^^ith  speed 
or  bank  angle. 

Continuous  development  of  HLH  control  laws  has  been  in  progress 
for  several  years.  Each  significant  developmental  step  has 
had  its  own  set  of  functional  block  diagraiKs  (and  substantia- 
ting analysis  or  test  results)  to  describe  the  improved  con- 
trol function.  Rather  than  discuss  these  efforts  chronologi- 
cally in  the  order  in  which  they  occurred,  the  final  control 
laws  synthesized  from  the  flight  demonstration  are  presented 
first,  along  with  descz'iptions  of  how  they  operate. 

Significant  analysis  and  simulation  work  is  then  detailed  as 
necessary  to  shed  light  on  why  the  final  control  law  mechani- 
zations and  associated  logic  were  adopted. 

SCAS  Objectives  - In  addition  to  meeting  the  quantitative 
i-equirements  of  MIL-H-8501A  while  developing  the  SCAS,  other 
performance  goals  were  also  adopted  to  guide  the  design  and 
evaluation  process.  Among  these  were  objectives  delineated 
for  the  flight  test  demonstration  which  are  tabulated  below. 

In  " light-to-irioderate  turbulence”,  target  accuracies  for 
operation  with  SCAS  are ; 


Airspeed  - knots  of  trimmved  speed  in  steady  level 
flight.  i4K  of  entry  trim  speed  in  30° 
hanked  turns  with  recovery  to  ±2K  of 
entry  speed 

Groundspeed  - +2  knots  of  trimmed  longitudinal  or  lateral 
speed 

Bank  Angle  --  j^2°  of  established  bank  angle  while  in 
steady  f.urn 


Heading 


- ±2°  of  established  heading  in  level  flight 
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2. 1.3.1  Longitudinal  SCAS  Synthesis 


Figure  14  presents  a functional  block  diagram  representation 
of  the  complete  longitudinal  AFCS  control  law  package  (except 
for  the  Automatic  Approach  to  Hover  loops  which  will  be 
covered  later,  and  the  logic  switching  network  schematics 
detailed  in  Appendix  A),.  At  this  time,  only  the  basic  SCAS 
functions  will  be  described  and  most  of  these  are  found  in 
the  top  half  of  the  diagram. 

Inputs  and  Outputs  - For  the  purposes  of  orientation,  para- 
meters illustrated  on  the  right  hand  side  of  the  cross 
hatched  AFCS  "box"  are  feedback  variables  associated  with 
stability  augmentatio:..  They  are  generated  by  sensors  located 
outside  of  the  AFCS  triplex  computer  matrix  on  the  aircraft. 
Control  paths  shown  within  the  hatched  enclosure  represent 
software  control  law  mechanization  and  logic  switching 
computations  performed  by  the  AFCS  computers.  Most  logic 
gating  is  physically  performed  witliin  the  computer  lOPs , and 
as  indicated  above,  is  detailed  in  the  report  appendix. 
Discreet  logic  signals  pass  from  the  lOP  units  into  the  AFCS 
to  set  switches  as  will  be  described  later.  A limited  amount 
of  logic  is  performed  in  software. 

Shown  at  the  top  center  of  the  diagram,  (on  the  outside  of  the 
AFCS  box)  is  the  "differential"  AFCS  output  path.  It  is 
interfaced  with  the  DELS  through  the  frequency  selective  net- 
work ("frequency  splitter")  described  earlrer.  This  differ- 
ential signal  goes  directly  to  the  rotor  system  (after  passing 
tlirouvih  various  control  mixing  stages  in  the  DELS)  without 
moving  the  cockpit  controls. 

Depicted  to  the  left  of  the  DELS/AFCS  interface  box  on  the 
diagram  is  a feedforward  signal  going  from  the  pilot's  cockpit 
stick  (through  the  DELS)  and  into  the  AFCS.  This  path  per- 
mits the  velocity  and  low  speed  longitudinal  cyclic  pitch 
commands  to  enter  the  7VFCS.  It  also  provides  a path  foi" 
fecdforwc'trd  signals  used  in  removing  trim  bias  associate^  with 
groundspeod/airspced  switching  by  the  velocity  mode  transfer 
switch  (dcocribed  later) . 
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On  tlic  top  left  hand  side  of  the  AFCS  box  is  a cockpit  stick 
backdrive  command  path  which  causes  a Cockpit  Control  Driver 
Actuator  (CCDA)  to  move  the  stick  through  a magnetic  brake/ 
forco-fecl  I’.pring  arrangement.  The  spring  forces  may  be 
released  and  rezeroed  by  pressing  a "mag"  brake  button  on  the 
pilot’s  longitudinal  stick.  Beneath  the  backdrive  network 
is  a pilot  "beep"  trim  control  path  utilized  to  parallel  drive 
the  cockpit  stick  for  vernier  velocity  adjustments.  The  trim 
signal  is  generated  when  the  pilot  depresses  a "coolie  hat" 
trim  button  also  found  on  the  longitudinal  stick  grip. 

Other  functions  shown  on  the  left  side  of  the  AFCS  box  con- 
cern load  crewman  control  inputs  through  the  LCCC  which  are 
discussed  later  under  "hover  hold"  mode  operation.  Additional 
signals  are  related  to  navigational  guidance  information  and 
special  test  functions. 

LCP  Trim  - On  the  lower  left  hand  corner  of  the  box  are  shown 
the  "q"- sensed  cyclic  trim  (LCP)  signals.  These  longitudinal 
cyclic  inputs  are  identical  to  those  used  on  present  tandem 
aircraft,  and  vary  according  to  a present  schedule  with  air- 
speed on  each  rotor.  As  helicopter  speed  increases,  forward 
cyclic  is  introduced  into  the  rotors  to  reduce  shaft  aero 
flapping  (and  bending  loads) , and  to  trim  the  aircraft  pitch 
attitude  for  drag  reduction  and  pilot  comfort. 

Summed  with  the  "q"- sensed  cyclic  signals  are  AFCS  outputs 
from  the  hover  hold  system,  and  pilot's  LCP  stick  commands. 

The  summed  LCP  signals  then  pass  directly  into  the  longi- 
tudinal cyclic  pitch  actuators  through  existing  347  system 
hardware  without  entering  the  DELS  as  other  AFCS  outputs  do. 
The  LCP  paths  complete  the  longitudinal  AFCS  input-output 
interfacing . 

2.1, 3.1.1  Inner  lioop  Longitudinal  SCAS  .stabilization  and 
Control 

Pitch  Dcunping  - The  top  right  hand  stabilization  feedback 
loop  shown  in  Figure  14  represents  the  primary  pitch  damping 
path  in  the  SCAS,  Through  it  passes  an  airfreime  body  axis 
pitch  rate  signal  which  has  been  summed  with  a correction 
term  (R  sin  ^)  representing  the  product  of  body  axis  yaw 
rate  and  the  sine  of  aircraft  roll  angle.  The  correction 
term  removes  the  steady  pitch  rate  component  picked  up  by 
the  body  axis  gyro  in  turns  to  preclude  signal  saturation. 


Tlv  K sin^  correction  takes  tlie  place  of  an  earlier  laigh  pass 
f.i  i ter  (washout)  network,  which  was  installed  in  the  pitch 
rate  damping  loops  of  previous  tandem  aircraft  with  simpler 
stability  augmentation  systems.  The  need  for  an  improved 
approach  to  steady  pitch  rate  correction  was  identified  during 
file  HL.H  Flight  Research  Vehicle  demonstration  program,  wliercin 
A/S  loss  or  gain  during  turn  entries  was  unsatisfactory. 

Some  improvement  was  achieved  as  detailed  in  the  flight  test 
sec  ti on . 

As  shown  on  the  di^lgram,  the  damping  signal  first  passes 
througii  a system  "gain"  factor,  wliore  pitch  rate  is  converted 
to  inches  of  equivalent  stick.  (Most  control  Iciw  computations 
are  performed  within  the  computers  using  inches  of  stick  or 
equivalent  control  throw  in  degrees  of  pitch  change).  After 
bluing  "gained",  tlie  signal  is  filtered  through  a first:  order 
low-pass  shaping  network.  It  is  then  passed  througn  an 
authority  limiter,  and  thence  into  the  AFCS/DELS  interface. 

ihc  low-pass  filter  effectively  prevents  airframe  vibration 
(and  other  unwanted  high  frequency  signals)  from  entering  tlie 
damping  path.  Prior  to  the  flight  program,  only  the  pitcii 
damping  signal  was  modulated  at  high  frequency  with  tl’iis  type 
of  shaping.  The  presence  of  undesirable  sensor  or  computer 
noise  spikes  necessitated  moving  the  filter  to  the  output 
path  of  the  entire  axis  where  attitude,  velocity,  and  feed- 
forward signals  were  also  included.  Similar  low-pass  filters 
have  been  inserted  in  the  differential  outputs  of  all  of  the 
remaining  AFCS  axes. 

Low-Speed  LCP  Control  Augmentation  - A feedforward  pa  ah  from 
the  pilot's  stick  to  the  longitudinal  cyclic  pitch  actuntor.s 
on  both  rotors  is  incorporated  for  translation  control 
"q^uickening"  at  low  speed.  As  shown  in  the  diagram,  tHc 
"cyclic  on  the  stick"  command  signal  passes  through  a variable 
gain  box  (FXCP) , which  begins  LCP  effectivity  below  40  knots 
groundspeed.  Full  system  gain  is  achieved  at  all  speeds  less 
than  27  knots,  as  shown  in  the  Appendix  A schedule. 

Incremental  LCP  commands  associated  with  cockpit,  stick  move- 
ment are  the  same  for  both  rotors.  Tliese  cyclic  inputs  pro- 
duce direct  longitudinal  airframe  acclerations , without 
requiring  pitch  rotation  of  the  fuselage.  They  act  in  concert 
with  the  DCP  longitudinal  controls,  which  provide  a lagged 
response  because  the  aircraft  must  change  attitude  beiorc 
any  translational  acceleration  can  start. 
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As  initially  envisioned  in  early  anaiyses  and  simulation  work, 
the  low-speed  LCP  command  signal  was  summed  with  a high  pass 
filtered  groundspeed  feedback;  but  this  velocity  path  was 
eliminated  during  the  fl ight  program  due  to  undesirable  pitch 
attitude  changes  created  by  the  washout.  When  the  velocity 
feedback  loop  was  deleted,  a low-speed  control  shaping  feed- 
forward path  (which  acted  along  with  the  LCP/velocity 
combination)  was  also  removed  as  being  unnecessary. 

2. 1.3. 1.2  Outer  Loop  Longitudinal  SCAS  Stabilization  and 
Control 

Outer  loop  paths  incl  ude  pitch  attitude  and  velocity  hold 
functions  for  stabilization.  In  addition,  SCAS  control  aug- 
mentation loops  are  provided  for  generating  a stable  stick 
gradient  and  velocity  command  capability  throughout  the  flight 
envelope.  The  methodology  for  transferring  from  low-speed 
ground  referenced  velocity  to  airspeed  in  cruise,  and  for 
generating  an  acceptable  longitudinal  stick  gradient  (while 
at  the  same  time  maintaining  strong  velocity  hold  capability) 
is  perhaps  the  most  important  part  of  the  SCAS  description. 
Development  of  these  two  longitudinal  SCAS  features  is 
covered  in  some  depth,  since  similar  control  law  raanipulations 
are  also  utilized  in  the  lateral  axis. 

Pitch  Attitude  Stabilization  - The  pitch  attitude  signal  is 
processed  through  a simple  sensitivity  (gain)  constant,  and 
is  then  summed  with  the  velocity  hold  and  command  signals. 
Attitude  hold  stability  is  maintained  throughout  the  flight 
envelope  with  a constant  gain  of  about  1/3  of  an  inch  of 
corrective  control  applied  for  every  degree  of  pitch  attitude 
deviation  from  zero.  Static  hover  fuselage  attitude  is 
slightly  nose  up,  and  becomes  progressively  more  nose  down  as 
speed  increases.  The  result  is  a differential  static  aft 
"equivalent  stick"  requirement  going  into  the  rotors  as  air- 
craft speed  builds,  and  "corrective"  type  inputs  when  the 
attitude  changes  due  to  an  external  disturbance. 

The  attitude  gradient  increment  is  a relatively  small  component 
of  the  total  longitudinal  DCP  rotor  control  input  requirement 
processed  by  the  AFCS.  Stick  gradient  and  velocity  inputs 
dominate  the  outer  loop  mechanization  and  are  discussed  next. 
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VELOCITY  STABILIZATION,  COMMAND,  AND  STICK  GRADIENT 

Stability  - As  shown  in  Figure  14,  feedback  velocity  hold 
signals  consisting  of  pitot-static  airspeed  and  inertially 
referenced  groundspeed  (from  the  IMTJ)  are  introduced  into  the 
Velocity  Mode  Transfer  switch  (after  passing  through 
appropriate  gains) . The  switch  selects  the  proper  velocity 
through  application  of  logic  techniques,  and  passes  either 
the  low-speed  groundspeed  or_  airspeed-referenced  signal  into 
the  differential  7VFCS  path.  Switching  between  the  two  ref- 
erences is  transient  free,  and  occurs  at  45  knots  airspeed 
when  velocity  is  increasing,  and  at  40  knots  airspeed  when  the 
aircraft  is  slowing  down. 

Because  of  the  importance  of  the  velocity  mode  switch  to  over- 
all AFCS  success,  a separate  discussion  of  its  development  and 
detail  operation  is  included  later  in  this  section.  For  now, 
all  that  need  be  understood  is  that  the  switch  passes  a single 
velocity-referenced  signal  for  low-  or  high-speed  flight,  and 
causes  the  pilot's  cockpit  stick  trim  position  to  reflect  the 
type  of  velocity  reference  in  use  at  any  point  in  time. 

The  groundspeed  hold  at  low  velocity,  and  airspeed  hold  above 
40/45  knots  is  achieved  by  utilizing  fairly  high  gain  factors 
(KMAS  and  KMGS)  equivalent  to  approximately  1 inch  of  equiv- 
alent stick  for  every  9 knots  of  airspeed.  The  airspeed 
signal  is  processed  through  a FMAS  function  which  was  orig- 
inally incorporated  into  the  velocity  loop  to  keep  the  air- 
speed signal  constant  and  equal  to  40  knots  beneath  this 
speed  so  as  net  to  interfere  with  the  groundspeed  path. 

Below  40  knots,  groundspeed  is  the  velocity  reference. 
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In  the  fliqht  program,  additional  velocity  hold  gain  was 
found  to  bo  desirable  wliilc  operating  on  airspeed  reference 
between  60  and  120  knots.  This  increase  was  incorporated  in 
a non-linear  fashion  by  "bowing"  the  FMAS  schedule  gradient 
above  40  knots  to  meet  the  desired  req j irement . The  original 
schedu lo,  synthesized  from  analysis  and  simulation, had  incor- 
porated a 45-degree  slope  (i.e.  100  knots  in  gave  100  knots 
out)  above  40  KIAS.  Tlio  modified  airspeed  schedule  and  gain 
tabulations  are  presented  in  Appendix  A,  along  with  all  other 
gains,  functions,  limiter  values,  and  logic  diagrams  for  the 
AFCS  package. 

Groundspeed  velocity  signals  generated  by  the  aircraft  IMU 
(Internal  Measuring  Unit)  sensors  are  referenced  to  the  plane 
of  the  earth's  surface  and  are  oriented  into  "V  North"  and 
"V  East"  vector  components.  A sensor  coordinate  transforma- 
tion within  the  computer  AFCS  complex  resolves  the  IMU  veloci- 
ties into  a system  aligned  wit])  the  aircraft  longitudinal 
and  lateral  axes  (still  in  the  earth  surface  plane) . A ^ 
further  transform  references  the  velocity  signals  to  the  air- 
craft center  of  gravity  instead  of  the  IMU  location. 

As  seen  in  the  sensor  coordinate  transformation  box,  two 
longitudinal  groundspeed  signals  are  available  as  outputs; 

Xg  and  . These  are  identical  except  for  the  fact  that  the 
Xe  term  may  be  "drift  cleared"  to  eliminate  small  IMU  drifting 
errors  which  would  otherwise  degrade  performance  of  the  AFCS 
while  operating  in  the  hover  hold  mode.  The  Xg ' term,  on  the 
other  hand,  is  a continuous  output  and  is  utilized  in  velocity 
holding  through  the  KMGS  path,  or  for  the  automatic  hover 
trim  feature  described  later. 

Operation  Without  Velocity  Reference  - The  velocity-referenced 
stability  described  so  far  implies  that  either  airspeed-  or 
gioundspeed-oriented  signals  are  utilized  for  all  normal 
flight  modes.  This  is  true  unless  the  pilot  wishes  to  perform 
maneuvers  which  do  not  require  velocity  feedback  (such  as 
stationary,  or  nearly  stationary  towing  operations) . In  such 
a case,  the  pilot  might  desire  to  use  an  "attitude-referenced" 
system.  The  HLH  control  laws  have  been  set  up  so  that  an 
attitude  system  of  this  type  can  be  achieved  by  disabling 
the  velocity  feedbacks. 
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A track-store-decay  box  that  has  several  important  functions 
is  shown  on  the  output  of  the  velocity  mode  transfer  switch 
(Figure  13) . These  functions  are  controlled  by  two 
switches  on  the  pilot's  mode  select  panel,  illustrated  in 
Figure  lOA.  The  pilot  may  elect  to  use  as  a velocity  reference 
any  of  the  following: 

o Auto  - automatic  switching  from  G/S  to  A/S 
© A/s  - airspeed  reference  at  all  speeds 

• G/S  - groundspeed  reference  at  all  speeds 

The  pi  lot  has  another  switch  which  controls  the  manner  in 
vdiich  the  previously  selected  velocity  reference  is  used. 

The  velocity  switch  also  has  three  modes  of  operation:  n; 

• NORM/1.L  - where  either  of  the  three  previously  selected 

velocity  reference  options  may  be  utilized, 
and  the  "track”  function  shown  in  the  diagram 
is  in  operation. 

• OFF  or  - where  no  variable  velocity  signal  passes,  but 
DISABLE  the  final  value  of  velocity  at  shutdown  is 

"stored"  to  permit  transient-free  disengage- 
ment of  the  velocity  mode. 

® DECAY  - which  permits  the  velocity  feedback  to  slov/ly 
decay  to  zero  at  a rate  of  .5  inches  of 
equivalent  stick  per  second. 

Information  presented  in  Table  5 summarizes  the  overall  air- 
craft stability  response  for  each  control  axis  with  any  of 
the  above  velocity  references  selected.  Comparable  control 
responses  with  similar  velocity  references  are  given  in 
Table  6. 

Longitudinal  Stick  Gradient  - The  HLH  airframe  and  rotor 
system  combination  has  been  designed  to  produce  close  to 
neutral  static  stability  without  augmentation.  This  built- 
in  neutral  stability  results  in  a longitudinal  stick  gradient 
that  flattens  rather  than  increases  linearly  with  speed  as 
desired . 
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"Basic"  aircraft  stick  gradient  requirements  are  illustrated 
schematically  by  the  heavy  dashed  line  annotated  with  a (X) 
in  Figure  15.  This  dashed  curve  represents  the  DCP  control 
in  inches  of  equivalent  cockpit  stick  which  must  be  put  in  at 
the  rotor  heads  (and  in  the  cockpit  with  SCAS  off)  to  trim  the 
helicopter  in  level  flight. 

Changes  in  aircraft  gross  weight  or  eg  move  the  basic 
curve  some  slight  amount,  but  this  movement  (and  the  absolute 
magnitude  of  the  basic  stick  requirement  itself)  is  quite 
small  when  compared  with  other  DCP  inputs  available  from  the 
AFCS  at  the  rotor  head.  These  additional  inputs  constitute 
the  velocity  hold  ^ and  feedforward  stick  "pickoff"  (s) 
gradients  described  below. 

To  understand  how  the  final  cockpit  stick  gradient  i s genera- 
ted by  the  AFCS  for  the  pilot,  assume  that  a total  travel  of 
3 inches  of  forward  stick  motion  is  desired,  and  will  be 
put  in  between  hover  and  200  knots  in  the  cockpit.  The 
resultant  travel  reflects  a positive  stable  gradient,  producing 
about  65  knots  of  speed  for  every  inch  of  cockpit  stick  in- 
put. This  desired  cockpit  gradient  is  illustrated  by  the 
heavy  dark  line  (2)  on  the  schematic.  Although  the  65  knot 
per  inch  gradient  was  found  to  be  adequate  in  developmental 
simulation  work,  the  flight  demonstration  program  indicated 
need  for  a tighter  gradient  to  optimize  handling  qualities. 

This  revised  gradient  reflected  a slope  increase  of  about 
40  percent  out  to  100  knots,  and  25  percent  above  that  speed. 

As  seen  on  the  schematic,  the  desired  cockpit  gradient  is 
further  forward  than  the  basic  aircraft  rotor  head  require- 
ment to  trim.  Accordingly,  aft  equivalent  stick  must  be 
put  in  between  the  cockpit  and  rotor  head  (in  an  amount  equal 
to  the  difference  between  curves  and  (2) ) , so  that  the 
pilot  will  move  the  stick  in  a forward  direction  to  achieve 
the  positive  gradient  he  wants.  For  the  purpose  of  this 
explanation,  it  may  be  assumed  that  the  basic  aircraft 
gradient  is  sufficiently  small  to  be  neglected  in  further 
discussion. 
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FK3URE  15.  LONGITUDINAL  STICK  GRADIENT  SYNTHESIS 


The  aft  stick  that  must  be  put  in  beneath  the  rotor  to  pro- 
duce the  desired  increment  between  and  is  made  up  of 

two  very  steep  SCAS  gradients.  One  of  these  is  the  strong 
velocity  hold  feedback  detailed  earlier,  which  would  put  in 
about  20  inches  of  aft  stick  (curve  (^ ) at  the  head  at  200 
knots,  if  it  could  (giving  a 10-knot-per-inch  equivalent 
stick  gradient) . Obviously,  20  inches  of  forward  stick 
(as  illustrated  by  curve  ) cannot  be  made  available  in  the 

cockpit  to  "buck  out"  the  velocity  requirement. 

If,  however,  the  3 inches  of  cockpit  desired  forward 
stick  are  used  against  the  20  inches  of  aft  velocity 
requirement,  17  additional  inches  of  forward  input  need  be 
provided  at  the  rotor  to  achieve  equilibrium.  This  additional 
forward  "stick"  requirement  @ is  generated  by  using  a 
feedforward  pickoff  on  the  pilot's  stick  which  puts  in  several 
inches  of  equivalent  rotor  control  for  every  inch  put  in  by 
the  pilot.  A stick  pickoff  multiplying  circuit  was  devel- 
oped along  with  a rate-limiting  feature  to  accomplish  the 
feedforward  task.  It  is  annotated  on  the  Figure  14  diagram 
beneath  the  longitudinal  stick  gradient  bcx. 

Because  of  its  inertia,  the  aircraft  will  not  produce  airspeed 
changes  as  fast  as  the  pilot  can  move  the  stick.  A rate- 
limiting  function  must  therefore  be  incorporated  into  the 
longitudinal  control  gradient  which  will  allow  the  pilot's 
amplified  stick  signal  to  entet  the  rotor  system  at  about 
the  same  rate  that  the  counterbalancing  velocity  hold  signal 
can  be  generated  by  aircraft  speed  changes. 

This  rate  limiting  is  achieved  by  passing  the  feedforward 
s ick  signal  through  a very  high  gain  limiter  (LM3) , and  then 
integrating  its  output.  The  result  is  a ramped  stick  response 
wita  time,  which  is  virtually  independent  of  stick  amplitude 
because  of  the  sharp  initial  slope.  A feedback  path  around 
the  limiter  through  the  KMCP4  gain  provides  the  steady  state 
multiplication  or  amplification  necessary  to  stand  off  the 
strong  velocity  gradient. 

The  two  loops  described  above  address  only  the  static  gradient 
and  do  not  produce  an  optimum  short  period  helicopter  attitude 
response.  A third  "straight  through"  path  with  no  rate  limit 
is  provided  to  augment  the  direct  linkage  input  for  attitude 
control.  This  path  serves  to  stand  off  the  pitch  attitude 
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associated  input  already  discussed.  On  a steady  state  basis, 
the  network  just  discussed  will  produce  slightly  more  than 
7 inches  of  equivalent  AFCS  input  (per  inch  of  cockpit 
stick) , to  sum  with  the  velocity  hold  signal.  The  output 
of  this  network  is  low-pass  filtered  for  smoothing  to  avoid 
any  stick  jerk  tendencies. 

For  a 1-inch  forward  control  displacement  in  the  cockpit, 
tiu'  aircraft  will  speed  up  about  65  knots  (or  slightly  less 
duo  to  the  flight  test  optimized  gradient) , causing  the 
velocity  feedback  to  generate  a requirement  for  about (-) 

7 inches  of  equivalent  stick  to  sum  with  the  (+)  7 
inches  from  the  feedforward  path.  No  further  AFCS  input 
goes  in  through  these  paths  unless  the  stick  is  again  moved, 
or  the  aircraft  encounters  an  external  disturbance  such  as 
a gust. 

Stability  and  Maneuverability 

A fundamental  SCAS  design  factor  reiterated  throughout  the 
report  so  far  has  been  the  deliberate  separation  of  stability 
and  maneuverability  functions  for  individual  optimization. 

Most  of  the  loops  are  interdependent  in  some  way,  but  liave 
been  separately  optimized  to  give  the  highest  possible  levels 
of  both  stability  and  controllability  without  incurring  major 
compromises  in  either. 

An  illustrative  example  of  the  strong  longitudinal  stability 
and  high  controllability  exhibited  by  the  augmented  aircraft 
is  presented  in  the  Figure  16  sketch.  Maneuverability  is 
demonstrated  by  the  cockpit  longitudinal  stick  push  and  hold 
step  response  (shown  by  the  solid  line)  . This  1/2-inch,  stick 
step  produces  an  8-degree  maximum  pitch  attitude  transient  and  a 
smootli  airspeed  buildup  to  36  knots,  typical  of  a pilot  speed 
change  demand. 

An  external  gust  disturbance  which  upsets  the  rotors  by  an 
equivalent  amount  (of  control  step),  results  in  a mild  3-degree 
pitch  attitude  variation  and  a 3-4-knot  velocity  change.  The 
difference  in  the  two  responses  clearly  shows  that  stability 
can  be  maintained  without  compromising  desired  levels  of 
maneuverability. 
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VELOCITY  MODE  TKANSFER  SWITCH 


Groundspeed- to- Air speed  Blending  - Velocity  feedbacks  for 
stability  are  referenced  to  groundspeed  for  low  speed  opera- 
tions, and  to  airspeed  during  forward  flight.  The  presence 
of  headwinds  or  tailwinds  creates  a difference  in  the  ref- 
erence feedback  signal,  which  could  create  transients  on 
switching.  Options  for  velocity  reference  transfer  are  shown 
in  Figure  17  wherein  airspeed-referenced  control  positions 
are  presented  as  a function  of  groundspeed  for  zero  wind, 
and  for  headwinds  and  tailwinds  of  40  knots.  Note  that  a con- 
stant control  position  exists  for  all  v/ind  states  at  the  same 
airspeed . 

The  no  wind  cvirve  on  the  figure  also  represents  the  ground- 
speed  referenced  control  for  all  wind  states.  Wben  operating 
with  a 40  knot  headwind,  the  control  position  follows  the  no- 
wind or  groundspeed  reference  to  5 knots  (45  knots  of 
airspeed) , and  must  then  transition  to  the  40-knot  headwind 
curve.  'rvN'o  options  shown  in  Figure  17  are  available  to  effect 
switcliovor;  (1)  continuous  transfer,  and  (2)  instantaneous 
switcliing.  Both  methods  were  extensively  explored  during 
piloted  nudge  base  flight  simulation  work  conducted  in  late 
1972. 

Switching  Optrons  - The  first  velocity  reference  transfer 
option,  knovvn  as  tJie  continuous  blending  scheme,  (and 
proposed  in  the  original  block  diagram  schematics),  phased 
from  one  reference  to  another  over  a discreet  airspeed 
range.  The  continuous  blending  approach  was  found  to  be 
unsatisfactory  for  the  following  reasons: 

• Tlie  width  of  the  phasing  zone,  whercjin  the  velocity 
feedback  is  a mixture  of  groundspeed  and  airspeed, 
varies  with  wind  strength  and  encompasses  most  of  the 
useful  flight  envelope.  This  results  in  longitudinal 
trim  control  positions  that  vary  with  winds  at  constant 

i r speed . 

• Performance  is  compromised,  particularly  at  low  speeds 
where  airspeed  is  not  held  constant  while  turning  in 
winds,  resulting  in  power  and/or  altitude  fluctuations. 
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• Pilot  workload  increased  because  of  not  having  direct 
control  over  the  flight  variables  normally  monitored, 
sucli  as  torque,  altitude,  airspeed,  and  turn  rate. 

A revised  instantaneous  switching  concept  was  developed  in 
which  the  difference  between  the  two  velocity  feedback  signals 
is  provided  through  the  A.FCS  on  switchover  to  eliminate 
transients.  This  difference  or  bias  signal  (generated  by  the 
velocity  mode  transfer  switch)  is  proportional  to  the  cunount 
the  cockpit  control  is  offset  from  its  true  airspeed  or 
groundspeed  position.  The  bias  is  removed  as  shown  in 
Figure  17  upon  force  trimming,  by  slowly  parallel-driving 
the  controls  to  their  correct  position  (without  disturbing 
the  aircraft  by  moving  the  rotor  head  controls) . 

Detailed  operation  of  the  velocity  mode  transfer  switch  is 
shown  schematically  in  Figure  18  and  is  described  in  the 
following  summary.  It  should  be  noted  that  Figure  18  is  a 
blowup  of  the  transfer  switch  detailed  on  the  Figure  14 
Functional  Block  Diagram,  The  switch  is  identical  to  one  used 
for  similar  switching  in  the  lateral  axis.  Numbers  and 
letters  shown  on  the  blowup  refer  to  signal  paths  or  various 
positions  within  the  transfer  switch. 

Transfer  Switch  Operation  - Suppose,  for  example,  that  the 
groundspeed  signal  (1)  is  10  knots  and  airspeed  signal  (2) 
is  50  knots  (i.e.,  a 40-knot  headwind).  Initially,  the  system 
is  a groundspeed  reference  as  shown,  and  the  velocity  feed- 
back (5)  is  also  10  knots.  To  sw.itch  to  an  airspeed  system, 
the  following  takes  place  in  the  order  shown: 

(A)  Switch  to  airspeed 

(B)  Sum  airspeed  with  previous  velocity  signal:  -50  + 10 
= -40  knots 

(C)  Reset  the  bias  to  the  value  at  (B)  = -40  knots 

(D)  Sum  airspeed  with  (C)  * 50  -40  = 10  knots 
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FIGURE  18.  OPERATION  OF  VELOCITY-TRANSFER  SWITCH 


Hence,  the  velocity  feedback  has  remained  at  10  knots  creating 
no  transient.  The  feedback  signal  is  now  airspeed,  and  the 
bias  stored  in  the  Reset/Store.  (C)  provides  a signal  to 
make  up  the  difference. 

To  eliminate  this  signal,  the  bias  is  fed  into  the  CCDA 
integral  drive  (3)  which  begins  to  reposition  the  primary 
controls.  The  control  motion,  in  turn,  is  fed  back  (4)  and 
subtracted  from  the  bias  at  (E)  until  point  (F)  is  approxi- 
mately zero,  indicating  the  bias  has  been  removed.  The 
Reset/Storo  is  then  reset  to  zero  and  the  velocity  feedback 
is  now  50  knots.  Since  the  bias  eliminator  signal  reduces 
the  bias  to  zero  at  the  same  rate  that  the  back-driven  con- 
trol is  going  into  the  DELS  mix,  no  transient  occurs. 

Two  options  on  the  switching  points  were  considered; 

(A)  Switch  to  an  airspeed  mode  when  airspeed  was  greater 
than  40  knots  and  groundspeed  greater  than  10  knots. 
Switch  back  to  a groundspeed  mode  when  groundspeed  was 
less  than  10  knots, 

(B)  Switch  to  an  airspeed  mode  when  airspeed  was  greater 
than  45  knots.  Switch  back  to  groundspeed  mode  when 
airspeed  was  less  tlian  40  knots.  (This  was  the  option 
chosen) . 

No  airspeed  reference  is  available  for  either  option  below 
40  knots.  Figure  19  shows  the  acceleration  and  deceleration 
characteristics  for  these  two  options  in  a 15-knot  tailwind. 
During  the  deceleration  phase, the  lack  of  a velocity  reference 
signal  for  Option  A created  an  undesirable  pitch  attitude 
increase.  In  addition,  the  stabilized  rearward  trim  speed 
was  greater  than  the  initial  speed. 

These  undesirable  characteristics  were  not  obtained  with 
Option  B logic,  and  it  was  selected  for  piloted  flight 
evaluations.  Note  that  the  acceleration  characteristics  are 
not  identical  in  these  records  due  to  system  gain  modifications 
that  occurred  between  run  days. 
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Figure  20  shows  the  bias  elimination  feature  via  parallel 
drive  of  the  cockpit  control.  An  acceleration  to  a stabilized 
speed  above  the  switch  point  in  a 30-knot  headwind  is  followed 
by  a simulated  force  trim,  which  activates  the  bias  elimination 
feature. 

Integral  Backdrive  Command  - In  understanding  the  parallel 
backdriving  of  the  cockpit  stick  for  bias  elimination,  several 
features  should  be  mentioned.  The  first  of  these  relates  to 
the  fact  that  bias  is  removed  only  when  the  cockpit  control  is 
in  a trimmed  condition  with  the  stick  in  detent  and  mag  brake 
not  depressed  (see  Logic  L-39A  in  Appendix  A) . Any  longi- 
tudinal stick  motion  not  associated  with  the  backdriving 
function  will  open  the  backdrive  path  and  prevent  further 
parallel  stick  movement. 

The  backdrive  bias  elimination  command  passes  through  an 
integral  drive  mechanization  which  smootlies  the  signal  going 
to  the  stick  driver  actuators,  and  continues  to  output  a 
driving  signal  until  the  input  to  the  integrator  is  zero. 

The  integral  drive  path  shown  in  the  upper  left  corner  of 
Figure  14  also  has  a synchronizing  loop  (controlled  by 
L-30A  logic)  wrapped  around  the  integrator  to  stop  the 
backdrive  command  when  the  cyclic  magnetic  brake  is  depressed. 
Similar  integral  parallel  stick  drives  are  used  in  all  axes. 

2, 1.3. 1.3  Low-Versus-High- Sensitivity  Stick  Gradient 

One  of  the  recommendations  of  the  Task  1,  Part  1, concept 
selection  simulation  studies  was  incorporation  of  low 
sensitivity  LCP  control  into  the  AFCS  for  the  precision  hover 
and  low  speed  maneuvering  task.  Sensitivities  on  the  order 
of  about  5 fps  per  inch  of  stick  were  suggested.  However, 
for  arm  reach  considerations  in  the  cruise  flight  region, 
much  higher  sensitivity  DCP  controls  are  required,  with 
typical  gains  varying  up  to  20  times  the  hover  requirement. 

The  methodology  for  phasing  from  low  sensitivity  LCP  to 
high  sensitivity  DCP  control  was  not  addressed  in  the  Task  1, 
Part  1 results. 
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FIGURE  20.  INSTANTEOUS  GRCUNDSPEED  TO  AIRSPEED  REFERENCE 
TRANSFER  BIAS  ELIMINATION,  oO-KNOT  HEAD  WIND 


Studies  were  performed  to  develop  a longitudinal  stick 
gradient  with  a dual  sensitivity  range,  which  used  either 
LCP/DCP  or  DCP  only  at  low  speed  to  maintain  compatibility 
with  the  high  speed  control  configuration.  Figure  21  shows 
a sketch  of  the  proposed  approach. 

Piloted  nudge  base  simulations  were  conducted  wherein  the 
low  speed  sensitivity  was  varied  from  5-20  fps  per  inch  of  stick 
within  a stick  range  about  a hover  reference  varying  in  width 
from  1/4  to  1 inch.  Lagged  DCP  inputs  were  tested,  along 
with  additions  of  up  to  +4  degrees  of  longitudinal  cyclic 
pitch.  Satisfactory  pilot  ratings  of  the  dual-range  DCP 
gradient  were  achieved  (using  the  5 fps /inch  stick  sensitivity 
at  low  speed  with  ^2  degrees  of  LCP) . 

Follow-on  analysis  showed  that  potential  problems  arose  with 
the  mechanization  when  winds  were  present.  Since  basic  air- 
craft characteristics  are  airspeed  dependent,  trim  controls 
v;ere  required  to  maintain  zero  groundspeed  in  windy  conditions. 
This  trim  control  requirement  created  a skewing  effect  on 
the  hover  gradient,  producing  a variable  sensitivity  slope 
with  wind.  Variation  of  aircraft  eg  had  essentially  the 
seime  effect.  Time  constraints  prohibited  development  of  a 
control  law  mechanization  to  overcome  the  deficiency. 

The  desired  reduced  hover  sensitivity  and  LCP  control  is 
provided  to  the  load-controlling  crewman  by  using  a separate 
controller  for  the  precision  hover/maneuver  task.  This  LCCC 
incorporates  a non-linear  optimal  low  sensitivity  stick 
gradient  which  will  be  detailed  in  the  hover  hold  section. 

The  load  crewman  performs  the  precision  hover  task,  and 
tlie  pilot  controls  the  aircraft  longitudinally  through  the 
DCP/LCP  gradients  discussed  in  Section  4.1. 3.1.2,  for 
normal  low-speed  maneuvers  not  requiring  extreme  precision. 

In  the  flight  demonstration  program,  Cooper-Harper  rating 
results  indicate  that  the  selected  stick  sensitivity  solution 
was  satisfactory.  Zero  groundspeed  trimming,  however, 
was  not  optimum  from  the  pilot's  station. 
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FIGURE 21.  LOW  SPEED  STICK  SENSITIVITY  BLENDING 
APPROACH 
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2. 1.3. 1.4  Ground  Operation  of  the  AFCS 

Microswitch  circuitry  is  incorporated  on  the  landing  gear 
oleo  struts  of  the  HLH  (and  Flight  Research)  aircraft  to 
change  the  operating  status  of  the  AFCS/SCAS  for  ground 
operation.  Ground  contact  logic  implemented  on  the  347/ATC 
test  aircraft  provided  transient  suppression  switching  to 
disengage  the  vertical,  lateral,  and  directional  axes  by 
ramping  the  AFCS  differential  commands  to  zero  upon  ground 
contact.  The  longitudinal  axis  maintained  pitch  attitude 
and  pitch  rate  stability  on  the  ground,  but  the  stick  pickoff 
command  was  switched  to  a ground  reference  value  of  zero  and 
the  velocity  command  signal  ramped  to  zero  to  provide  a net 
zero  velocity  command  on  the  ground. 

Aircraft  control  by  the  pilot  on  the  ground  is  maintained  in 
each  axis  by  only  the  direct  path  through  DELS,  with  parallel 
beep  trim  commands  being  processed  through  the  AFCS.  No  other 
backdrive  commands  are  generated  on  the  ground  by  the  AFCS, 
since  synchronization  of  bank  angle,  heading,  and  altitude 
signal  paths  is  continuous. 

Selectable  modes  such  as  automatic  hover  trim,  hover  hold, 
and  altitude  hold  are  also  disabled  on  the  ground.  The 
velocity  mode  transfer  switch  bias  error  is  set  to  zero  when 
ground  contact  is  made  to  insure  proper  initialization  of 
the  switch  in  the  fly  mode,  and  the  backdrive  path  from  the 
switch  is  disconnected.  A summary  of  ground  contact  logic 
operations  performed  by  the  AFCS  follows. 

GROUND  CONTACT  - 347/ATC  Program 

LONGITUDINAL  AXIS  - Retain  stability  augmentation  for  pitch 

attitude  and  pitch  rate. 

(1)  Set  stick  pickoff  command  to  ground  reference  value 
of  zero. 

(2)  Set  decay  velocity  command  path  to  zero. 

(3)  Reset  velocity  mode  transfer  switch  bias  error  value 
to  zero  and  eliminate  velocity  mode  transfer  switch. 

(4)  Disable  automatic  hover  trim  mode. 
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VERTICAL  AXIS 


(1)  Switch  off  differential  command. 

( } Disable  altitude  hold  mode  and  synchronize  altitude 
reference  (L-6) . 

LATERAL  AXIS 

(1)  Ramp  lateral  differential  command  signal  to  zero. 

(2)  Reset  velocity  mode  transfer  switch  bias  error  value 
to  zero  and  eliminate  velocity  mode  transfer  switch 
backdrive  path. 

(3)  Synchronize  bank  angle  reference  (L-3) . 

(4)  Disable  automatic  hover  trim  mode. 

DIRECTIONAL  AXIS 

(1)  Ramp  directional  differential  command  signal  to  zero. 

(2)  Synchronize  heading  reference  (L-5) . 

The  hover  hold  mode  and  LCC  control  paths  are  disabled  in 
all  axes  through  L-11  and  L-20  logic. 

2. 1.3. 1.5  DELS  Interfacing  for  the  AFCS  C"Fre<luency  Splitter") 

All  differential  SCAS  (and  AFCS)  outputs  pass  through  frequency 
selective  networks  in  the  DELS  interface  which  split  the  signal 
into  trim  and  dyneunic  compensation  paths  as  shown  in  Figure 
22.  Each  control  axis  has  its  own  frequency  splitter. 

The  trim  path  includes  a high-authority,  rate- limited 
signal  which  provides  long-term  correction  of  a ’low- frequency 
nature,  such  as  directional  pedal  offset  with  airspeed.  High- 
frequency  compensation  requirements  such  as  pitch  rate  deunping 
are  provided  by  passing  the  signal  through  both  authority 
limiters  (with  the  lower  authority  dominating) 
prior  to  sending  it  on  to  the  rotors.  Cross  signaling  from 
the  static  path  continually  recenters  the  dynamic  path. 
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SPLITTER  MECHANIZATION 


The  frequency  splitter  network  reduces  smoothly  to  zero  after 
APCS  disengageir.ent-switch  closure.  Tliis  means  that  cockpit 
control  sensitivity,  power,  and  margins  are  unaffected  by 
AFCS  handover  conditions.  Authorities  and  signal  conditioning 
were  selected  to  keep  short-term-impulse  type  disturbances 
after  handover,  as  well  as  long-term  trim  changes,  within 
safe  levels.  Thus,  the  AFCS  can  experience  a handover  without 
impairing  flight  safety. 

The  table  below  summarizes  all  limiter  sc;tt''''gs  for  the 
interface  frequency  splitters  in  each  uhe  iovtr  AFCS  axes. 


AXIS 


HIGH 

FREQUENCY  LIMIT 


AL2 

LOK 

FREQUENCY  LIMIT  RATE  LIMIT 


Longitudinal 

Lateral 

Directional 

Vortical 


+1 . 0 inch 
+^0.75  inch 
+0.6  inch 
+1.0  inch 


+4.0,  -2.5  inch 
+1.5  inch 
+1.5  inch 


.5  in/sec 
.4  in/sGC 
.2  in/sec 


4. 1.3. 2 LATERAL  SCAS  SYNTHESIS 

The  lateral  SCAS  axis  is  depicted  in  the  top  half  of  the 
Figure  23  functional  block  diagram.  The  layout  of  this  diagram 
is  similar  to  the  one  described  earlier  for  the  longitudinal 
axis,  wherein  the  SCAS  loops  are  detailed  along  with  all 
selectable  mode  features  except  for  automatic  approach  to 
hover . 

Stability  feedback  parameters  are  shown  on  the  right  side 
of  the  diagreim,  with  DELS  interfacing  including  differential 
AFCS  outputs  and  feedforward  inputs  annotated  along  the  top, 
CCDA  drives,  "beep"  trim,  and  LcCC  inputs  are  arrayed  down 
the  left  side  of  the  figure.  All  control  law  network  paths 
sho^^'n  within  the  sectioned  box  enclosure  represent  calcula-  i- 
tions  or  switching  performed  within  the  triplex  computer/ 
lOP  complex  on  the  aircraft. 
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As  indicated  previously  in  Table  4,  stability  and  control 
functions  of  the  lateral  SCAS  change  as  the  aircraft  transi- 
tions from  low-  to  high-speed  f. light.  In  hover  and  at  low 
speed,  the  basic  SCAS  provides  "hands  off"  lateral  ground- 
speed  hold  capability.  Angular  rate  damping  and  attitude 
loops  are  included  along  with  a lateral  ground  speed  path 
to  achieve  the  desired  stability  levels. 

To  maneuver  the  aircraft,  the  pilot  commands  sideward  trans- 
lation (i.e.,  lateral  groundspeed)  throuqh  the  cyclic  stick, 
with  the  resultant  velocity  being  directly  proportional  to 
stick  deflection.  Velocity  commands  are  processed  through  a 
high  gain  rate  limited-feed  forward  stick  pickoff  path,  which 
acts  in  conjunction  with  a "quickening"  function  to  shape 
the  response. 

Above  45  knots  airspeed,  bank  angle  is  the  stability  parameter 
being  held.  Lateral  stick  deflections  command  bank  angle  up 
to  5 degrees  of  roll  attitude,  and  govern  roll  rate  above  that 
point.  The  region  of  bank  angle  commanded  around  wings  level 
permits  fine  adjustment  of  the  flight  path  through  a limited 
roll  attitude  stick  gradient  called  the  "security  blanket". 
This  control  feature  will  automatically  roll  the  aircraft  out 
when  the  pilot  releases  the  stick  (providing  that  a stick 
force  retrim  has  not.  been  executed  through  application  of  the 
"mag"  brake) . 


In  normal  turn  entries  where  bank  angles  exceed  5 degrees, 
roll  rate  is  stopped  by  moving  the  stick  toward  neutral 
as  the  desired  bank  angle  is  approached.  When  the  roll  rate 
is  zeroed,  force  retriinming  of  the  stick  will  cause  the  air- 
craft to  stcibilize  at  the  new  roll  attitude.  Signals  cross- 
fed  between  the  'oil  and  yaw  SCAS  axes  ensure  coordinated 
turn  maneuvers. 

Small  incremental  changes  in  low-speed  velocity  and  high- 
speed bank  angle  can  be  made  by  the  pilot  through  use  of 
beep  trim.  Actuation  of  the  trim  button  on  top  of  the 
stick  causes  a parallel  stick  driving  motion  when  the  aircraft 
is  flown  at  low  speed.  Parallel  drive  is  also  utilized  in 
the  cruise  flight  regime  when  bank  angles  are  5 degrees  or 
loss.  Trim  command  signals  are  applied  differentially  abov,e 
the  5'degree  "limited"  gradient. 


Described  below  are  the  inner  and  outer  loop  stability  and 
control  mechanizations  utilized  in  the  lateral  SCAS  axis. 

2. 1.3. 2.1  Inner  Loop  Lateral  SCAS  Stabilization  and  Control 

ROLL  DAMPING  - The  stabilization  loop  depicted  at  the  top  of 
Figure  23  constitutes  the  primary  roll-damping  path  within 
the  lateral  SCAS.  This  network  transmits  airframe  roll  rate 
through  a gain  factor  and  low-pass  filter  which  eliminates 
unwanted  high  frequency  signal  components  generated  by  air- 
frame vibration.  After  filter  passage,  the  damping  signal  is 
summed  with  a shaped  lateral  feedforward  "quickener"  input,  and 
with  a pedal  pickoff  compensation  term  from  the  SCAS  yaw  axis. 

Yaw  axis  compensation  corrects  for  airframe  roll  rates  genera- 
ted by  directional  control  inputs  in  low-speed  flight. 

The  forward  and  aft  rotor  pylons  are  not  the  same  are 

height;  therefore,  a rolling  moment  is  produced  when  dif- 
ferential  lateral  thrust  vector  tilt  is  applied  to  yaw  the 
aircraft.  Rolling  moments  are  in  the  opposite  direction  to 
the  pedal  input  (i.e.,  right  directional  control  rolls  the 
aircraft  to  the  left) . The  sign  of  the  compensation  signal, 
is  adjusted  accordingly. 

The  output  of  the  damping  loop  summer  is  low-pass  filtered, 
as  described  earlier,  to  remove  the  effects  of  sensor  and 
computer  noise  spikes.  The  entire  differential  path  output 
is  then  authority  limited  prior  to  DELS  interfacing  to  mini- 
mize transients  in  the  event  of  hardover  failures. 

CONTROL  QUICKENING  - Inner  loop  control  augmentation  is  pro- 
vided by  the  control  response  "quickening"  loop  shown  in 
the  top  center  of  Figure  23.  This  feedforward  signal  is 
taken  from  the  cockpit  stick  and  augments  the  direct  DELS 
path  control  input  to  the  rotors.  The  signal  passes  through 
a frequency  selective  network  which  provides  both  a low-pass 
filter  for  control  smoothing,  and  a high-pass  transfer 
function  (washout)  to  preclude  signal  saturation  due  to 
stick  offset. 

Through  the  L-2  logic  switching  network,  control  response 
quickening  is  removed  when  flying  with  coupled  flightpath 
control  modes  such  as  automatic  approach  to  hover. 
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2. 1.3. 2. 2 Outer  Loop  Lateral  SCAS  Stabilization  and  Contro] 

ROLL  ATTITUDE  STABILI25ATION  - In  high-speed  flight,  lateral 
stcibility  is  maintained  by  the  roll  attitude  stabilization 
loop.  The  high-speed  path  goes  directly  across  the  drawing 
to  the  left  through  the  LL3  authority  limiter.  After  being 
converted  to  inches  of  equivalent  stick  (KLAD  gain) , the 
attitude  signal  passes  through  a roll  synchronizer,  which 
permits  the  pilot  to  stabilize  roll  angle  at  any  desired  bank 
attitude.  The  synchronizer  loop  is  represented  on  the  diagreim 
with  an  open  L-3  switch  and  by  an  integrator  annotated  with  gain 
KLSNl. 

Synchronizer  Operation  - The  operating  principles  of  a typical 
AFCS  synchronizer  are  shown  in  the  Figure  24  sketch.  In  this 
illustration,  an  "analog”  analogy  is  used  to  aid  in  visualiz- 
ing signal  flow  and  integrator  function  within  the  synchroni- 
zation network.  The  digital  computer  mechanization  of  this 
device  on  the  aircraft  differs  slightly  from  the  analogy 
shown,  but  the  net  operating  principles  are  the  same. 

In  its  simplest  form,  the  synchronizer  either  passes  the 
incoming  signal  along  the  lower  path  while  stabilizing,  or 
feeds  back  this  signal  to  eliminate  output  while  operating 
in  the  synchronizing  (sync)  mode.  When  switching  from  ana 
synchronize  to  a stabilize  mode,  the  last  value  of  the  input 
signal  into  the  integrator  IC  is  held  so  that  roll  attitude 
stabilization  is  resumed  about  the  new  angle.  The  integrator 
initial  condition  (IC)  path  is  used  to  either  hold  or  pass 
directly  (without  integration)  signals  presented  the 
integrator. 

During  stabilized  operation,  an  additional  signal  (such  as  a 
beep  trim  command)  can  be  passed  through  the  integrator. 

This  signal  is  rapidly  "integrated  up"  to  sum  with  the  incom- 
ing attitude  input,  thereby  rereferencing  the  output  of  the 
synchronizer. 

In  high-speed  level  flight,  the  roll  synchronizer  passes 
attitude  stad^ilization  signals  which  are  usually  very  small 
unless  the  aircraft  is  disturbed  by  a gust.  When  the  pilot 
initiates  a turn  maneuver,  the  stick  is  moved  laterally  out 
of  detent,  and  the  L-3  switch  closes  to  rapidly  reduce 
roll  attitude  feedback  to  zero  (so  as  not  to  "fight"  the 
turn  entry) . 
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(k^  FEEDBACK  SIBNAL  80E8  INTO 
INTEORATOR  1C  AND  IS  PASSED 


OUTPUT 

INTO  DIFKRENTiAL 
PATH 


NOTE:  SYNCNRONIZIR  SHOWN  IN  " STABILIZE*' MODE 
WITH  ATTITUDE  SIGNAL  BEINB  PASSED  DIRECTLY 


RGURE  24.SCHEMATIC  OF  TYPICAL  SYNCHRONIZER  OPERATION 
(ANALOG  ANALOGY)  - ROLL  ATTITUDE 
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The  detent  is  characterized  by  a small  increment  of  stick  ; 
motion  established  on  either  side  of  the  zero  force  position 
of  the  stick.  This  zero  force  stick  position  is  set  by  the 
pilot  through  use  of  the  magnetic  brake  button  which  unlocks 
the  magnetic  brake  force-feel  capsule  from  its  reference 
position.  When  the  button  is  released,  a new  force  reference 
is  established. 

In  addition  to  passing  through  the  LL3  limiter,  roll  attitude 
synchronizer  outputs  also  are  processed  through  the  integral 
stick  drive  CCDA  path  shown  on  Figure  23.  Sync  outputs  are 
transmitted  through  this  loop  (which  starts  with  the  KSAD  gain 
factor)  primarily  to  keep  the  synchronizer  output  as  close  to 
zero  as  possible  while  maintaining  the  steady  state  roll 
attitude  reference.  A characteristic  of  the  integral  path 
is  to  remove  inherent  lateral  stick  offset  with  speed  which 
ensures  the  correct  lateral  stick  to  swashplate  trim 
relationship. 

Low-Speed  Attitude  Stabilization  - Above  the  high-speed  roll 
attitude  loop  on  Figure  23  is  a similar  path  for  low-speed 
operation.  This  attitude  feedback  network  adds  low-speed 
velocity  damping  for  the  inertial  velocity  path  described 
below. 

The  roll  attitude  signal  is  processed  through  a high-pass 
filter  which  provides  short-term  stabilization  while  accommo- 
dating steady  roll  attitude  requirements  associated  with  wind 
changes . 

LOW-SPEED  VELOCITY  STABILIZATION  - As  introduced  earlier, 
ground  speeds  generated  by  the  Inertial  Measuring  Unit  (and 
transformed  within  the  computers  to  the  proper  reference 
axis)  are  used  for  velocity  stabilization  in  the  low-speed 
range  of  the  flight  envelope.  The  Yg  and  Y ' lateral  ground- 
speed  feedback  signals  lie  in  the  plane  of  the  earth's  surface, 
and  serve  the  seune  function  as  similar  velocities  already 
described  for  the  longitudinal  axis. 
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Switching  between  velocity  stabilization  at  low  speed,  and 
bank  angle  hold  (including  coordinated  turn  capability)  at 
high  speed,  is  accomplished  with  a velocity  mode  transfer 
switch  which  operates  very  much  like  the  one  already  described 
for  the  longitudinal  axis.  A discussion  of  this  crossover 
switcliing  operation  follows. 

Lateral/Directional  Control  Crossover  - The  instantaneous 
reference  blending  scheme  adopted  for  the  longitudinal  SCAS 
axis  was  applied  to  the  lateral/direc t ional  SCAS  using  the 
scune  switchover  logic  methodology.  When  airspeed  is  greater 
than  45  knots,  an  airspeed  mode  (coordinated  turn/bank  angle 
hold)  is  utilized.  On  decreasing  airspeed  to  below  40  knots, 
the  system  reverts  to  a groundspeed/lateral  velocity  type  of 
operation . 

The  bias  signal  generated  on  switchover  represents  the  dif- 
ference between  the  lateral  velocity  feedback  and  roll 
attitude  signals.  Aircraft  maneuvers  created  on  going 
through  transition  are  mild,  and  very  similar  to  those  that 
would  be  experienced  in  present  helicopters  without  lateral 
groundspeed  systems.  Typical  transition  time  histories 
taken  during  hybrid  simulation  studies  are  presented  in 
Figures  25  and  26. 

Doth  of  these  figures  represent  longitudinal  accelerations 
and  decelerations  initiated  with  the  aircraft  in  sideward 
flight  of  40-  to  50-fps  lateral  velocity.  In  Figure  25,  the 
lateral  stick  is  force  trimmed  (or  in  detent)  during  transi- 
tion, while  in  Figure  26  it  is  left  out  of  detent.  Bias 
elimination  through  parallel  drive  is  observed  in  Figure  26. 

In  Figure  2 6, on  the  left  side  of  the  velocity  mode  transfer 
switch  module,  are  shown  the  backdrive  integral  command,  and 
feedforward  paths  associated  with  lateral  axis  bias  elimina- 
tion. The  integral  backdrive  path  has  a multiple  gain  network 
which  increases  the  input  to  the  CCDA  integrator  at  airspeeds 
above  45  knots.  As  in  the  case  of  the  longitudinal  feed- 
foir.iard  signal  into  the  transfer  switch,  a lateral  synchronizer 
is  installed  (KLSN2/S)  to  keep  the  path  zeroed  except  during 
actual  backdriving  operations. 
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FIGURE 25JNSTANTAHE0US  GROUNOSPEED  TO-AIRSPEEO 


FIGURE  26.  INSTANTANEOUS  GROUNDSPEED  TO  AIRSPEED  REFERENCE  TRANSFER 
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During  nudge  base  flight  simulations  conducted  at  Vertol  to 
optimize  lateral/directional  crossover  control  law  mechaniza- 
tions, accelerating  and  decelerating  transitions  in  headwinds 
and  sidewinds  were  evaluated-  Numerous  maneuvers  in  the 
transition  area  of  40  knots  were  accomplished  with  the 
following  results: 

• The  switching  concept  from  groundspeed  to  airspeed 
produced  no  objectionable  transients. 

• Stick  retrim  for  bias  elimination  was  satisfactory. 

control  augmentation  - Two  paths  are  provided  within  the 
lateral  SCAS  for  outer  loop  control  augmentation.  These 
include  a lateral  stick  gradient  circuit  used  in  low-speed 
flight,  and  a limited  roll  attitute  stick  gradient  feature 
for  high-speed  precision  maneuvering.  The  low-speed  stick 
gradient  is  shown  in  the  right  center  of  Figure  23,  and  the 
limited  roll  attitude  gradient  is  directly  below  the  high-speed 
roll  attitude  loop  on  the  same  diagram.  Both  augmentation 
networks  are  discussed  briefly  below. 

Low-Speed  Lateral  Stick  Gradient  - The  feedforward  stick 
gradient  loops  included  for  low  speed  flight  are  mechanized 
in  a manner  similar  to  those  already  described  for  the  longi- 
tudinal SCAS.  A rate  limit  and  multiplying  circuit  are 
included  followed  by  a low-pass  filter.  This  network  operates 
against  the  strong  low-speed  velocity  hold  feedbacks  to  pro- 
vide command  lateral  groundspeed.  As  shown  on  the  diagram, 
the  feedforward  stick  gradient  input  is  summed  with  the 
stabilizing  velocity  signal  just  prior  to  entry  into  the 
velocity  mode  switch.  The  sensitivity  is  approximately  35 
knots  per  inch  of  lateral  control. 

Beneath  the  first  order  low-pass  filter  in  the  gradient  net- 
work is  a cross-feed  path  passing  through  a synchronizer 
controlled  by  an  L-45  switch.  This  path  is  a component  ele- 
ment of  the  feedforward  portion  of  the  bias  elimination 
feature  of  the  lateral  velocity  mode  switch.  The  synchro- 
nizer prevents  transients  associated  with  groundspeed/ 
airspeed  transfer,  and  permits  the  augmented  feedforward 
stick  signal  to  pass  at  low  sp^ed  only. 
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High-Speed  Limited  Roll  Attitude  Stick  Gradient  - To  facili- 
tate fine  adjustment  of  the  flight  path  in  the  cruise  envelope 
region,  a limited  stick  gradient  is  provided  out  to  5°  of  roll 
angle  with  up  to  +.5  inches  of  lateral  stick.  This  control 
feature  also  provides  a backup  for  IFR  disorientation  recovery 
in  that  if  the  stick  i.::;  released,  the  aircraft  rolls  out  of 
the  maneuver  to  a wings -level  artitude. 

The  gradient  is  generated  by  passing  roll  attitude  icf.  dl v.ck 
through  a gain  and  limiter  (LL‘i  on  Figure  23)  which  restricts 
feedback  cori'ective  control  inputs  in  excess  of  5 dcgi'oes. 

The  limiter  output  forms  a bias  signal  which  must  Ije  "stood 
off"  witli  opposite  control  in  the  cockpit,  thereby  generating 
a bank  angle  gradient  with  stick  deflection.  Note  that  the 
limiter  is  slightly  ass^amnetrical  (i.e.,  (-).5  inch.es  and 

(+).675  inches)  to  account  for  trim  requirements  associated 
with  forv/ard  rotor  delta-three  hinging. 

The  limiter  output  passes  through  the  velocity  mode  switch 
(and  into  the  differential  AFCS  path).  The  output  also  goes 
to  a summer  where  the  attitude  signal  i.s  compared  with  the 
cockpit  stick  commands  to  provide  kn  error  signal  for  input 
to  the  L-3  logic  switcliing  network.  Wlien  the  error  is  small, 
the  stick  is  near  its  position  for  trimmed  flight.  An  L-4.3 
controlled  synchronizer  prevents  calculation  of  the  error 
signal  unless  the  pilot  deliberaterly  maneuvers  the  aircraft. 
The  intent  of  the  synchronizer  i.s  to  prevent  gust-generated 
attitude  errors  from  inadvertently  unlatching  roll  stabiliza- 
tion. Use  of  tiic  limited  gradient  is  illustrated  on  the 
following  exantplcs. 

Control  Inputs  0.5  inches  - Wlien  the  pilot  introduc  ’S  a 
lateral  stick  stop  of  ,'3  inches,  tJie  aircrcift  will  begin  to 
roll  duo  to  the  direct  path  DELS  input  at  tlie  swashplate,  and 
the  response  quickner  input.  At  the  summer  described  above, 
the  .5  inches  of  stick  fed  into  the  AFCS  will  appear  as  an 
error  of  .'3  inches  (before  roll  angle  starts  to  build  up). 


134 

I 

1 


As  roll  anqio  incia!asos  I'rom  its  initial  value,  the  output  of 
the  LL5  limiter  passing  tlirouyh  the  velocity  mode  switch  will 
start  to  put  in  corrective  control  through  the  differential 
path,  which  builds  until  an  equivalent  of  5 degrees  of  bank  is 
readied.  At  this  time  the  control  mix  sees  no  net  control 
input  at  the  rotor  ( i . e .,  cockpit  control  = differential  AFCS 
output),  and  further  roiling  motion  stops.  The  summer  error 
is  also  zero. 

All  conditions  for  (b-3)  stcihi lization  at  the  new  commanded 
bank  angle  are  m-^t , except  for  tlie  fact  that  the  stick  i s 
out  of  detent.  Stabilization  is  adiicved  by  "mag"  braking, 
which  places  tiic  stick  within  the  detent  again. 

During  early  control  system  synthesis  work,  including  piloted 
simulations,  the  limited  lateral  gradient  was  extended  out  to 
10  degrees  of  bank  angle.  Flight  test  results,  however, 
indicated  need  for  a tighter  return  to  trim  characteristic, 
and  this  improvement  was  achieved  by  doubling  the  attitude 
gain  into  the  LL5  limiter  (which  halved  the  maximum  bank 
£ingle  within  the  limited  gradient)  . 

Larger  Control  Inputs  - Figure  27  illustrates  a typical 
rolling  maneuver  response  where  the  aircraft  is  either  returned 
to  viings  level  by  releasing  the  stick,  or  is  stabilized  at  a 
fixed  bank  angle  to  reduce  pilot  workload  while  turning.  Data 
shown  in  tlie  plot  was  generated  from  developmental  simulation 
results . 

A stick  stop  of  several  seconds  duration  is  put  in  by  the 
pilot  to  initiate  the  maneuver.  If  the  pilot  wishes  to  roll 
cut  of  the  turn  without  stabilizing  bank  angle,  he  releases 
the  stick  and  it  rt'turns  to  the  neutral  force  point.  Return 
of  tlie  stick  to  the  limited  roll  attitude  gradient  range  causes 
a corrective  control  to  be  put  in  by  the  AFCS  which  rolls  the 
aircraft  to  wings  level  (security  blanket  effect).  Should 
the  pilot  desire  to  stabilize  bank  angle  during  the  turn 
entry,  he  merely  returns  the  stick  toward  neutral  and  force 
trims  (with  the  mag  brake)  when  roll  rate  falls  to  zero. 

(Note  that  roll  rate  will  lie  zero  when  the  stick  is  at  the 
edge  of  the  roll  attitude  limiter). 
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Lateral  Stick  Trim  Com;3cnsation  - Shown  at  the  bottom  of 
Figure  23  is  a feedback  patli  wliich  produces  a differential 
signal  to  correct  for  inherent  lateral  stick  trim  offset  witn 
airspeed.  Tliis  loop  lu'lps  keep  the  stick  position  in  the 
cof'kpit  /croed  when  tlie  aircraft  is  trimmed  in  level  flight. 

The  proper  r.igns  for  tlie  airspeed  trim  gain  schedule  (FLTR) 
corrt'ction  used  in  tlie  347  Flight  Research  Vehicle  are  shown 
in  Fiijure  23.  The  HLH  aircraft  will  use  a similar  corri'ction 
patli  but  with  opposit<'  sign  because  of  tlie  different  rotor 
rotational  direction . 

VELOCIT'Y  REFERENCE  SELECTION  - As  described  earlier  for  the 
longitudinal  SCAS,  the  lateral  axis  can  be  m.anually  programmed 
through  tlu-  mode  select  pcanel  to  provide  either  groundspeed 
or  airspeed  reference  at  any  flight  velocity.  By  selecting 
"airspeed"  reference  in  the  low-speed  region,  the  lateral 
stability  parameter  becomes  bank  angle  hold  as  shown  in 
Tabic  ().  Response  to  step  control  inputs  in  this  area  of 
the  envelope  is  bank  angle  up  to  5 degrees  of  roll  attitude, 
and  roll  rate  above  this  point.  Table  7 summarizes  control 
response  information  for  manual  velocity  selection. 

Use  of  qroundspeed  reference  for  high-speed  flight  causes 
the  aircraft  to  liold  lateral  groundspeed  for  stability. 

Step  control  inputs  also  produce  groundspeed  responses. 

2, 1.3. 3 Directional  SCAS  Synthesis 

Directional  SCAS  control  law  mechanizations  are  summarized 
in  the  Figure  . 8 functional  block  diagram.  Layout  of  the 
chart  is  similar  to  that  of  the  two  3CAS  axes  already  described 
with  stability  feedbacks  on  the  right,  DELS  interfacing  at 
the  top,  and  LCC,  beep  trim,  and  CCDA  backdrive  command  paths 
on  the  left. 

Tables  4 and  5 in  Section  2.1.2  describe  both  the  low-  and  high 
speed  functional  characteristics  of  the  helicopter  with  the 
directional  SCAS  engaged.  In  low-speed  flight,  aircraft 
heading  is  the  stability  parameter  held,  while  heading  rate 
is  commanded  by  step  control  inputs.  Above  45  knots  airspeed, 
heading  is  held  (for  zero  turn  command)  and  sideslip  stability 
is  provided.  Sideslip  is  also  the  parameter  commanded  when 
step  inputs  are  introduced  with  the  pedals. 


Sc\'eral  of  the  stability  loops  utilized  in  the  directional 
SCAS  arc  similar  to  those  incorporated  on  current  (or 
developmental  derivatives  of)  production  tandem  helicopters 
such  as  the  CH-47C.  These  stability  networks  include  yaw 
rate  damping,  turn  coordination  through  roll  rate  crossfeed, 
stable  sideslip  gradient,  and  heading  hold  features,  A 
low-speed  pedal  pickoff  "quickener"  of  the  type  used  on  the 
347  is  also  included  in  the  HLH  Flight  Research  Vehicle  AFCS 
mechanization . 

As  in  the  case  of  the  longitudinal  and  lateral  axes,  the 
directional  SCAS  also  provides  fine  tuning  control  capability 
through  use  of  beep  trim.Ti. 

A trim  button  (coolie  hat)  located  on  the  collective  stick 
in  the  cockpit  activates  this  control  system  feature.  Below 
45  knots  airspeed,  beeping  is  accomplished  through  the  dif- 
ferential path  to  modify  aircraft  heading.  Trim  control 
commands  pass  directly  into  the  heading  synchronizer  to 
rerefeiv  nee  its  output  (in  a manner  similar  to  that  used  in 
the  lat  al  axis) . At  high  speed,  parallel  pedal  beep  trim 
is  utilized,  and  the  parameter  varied  is  sideslip  angle. 

Details  of  inner  and  outer  loop  control  law  mechanization 
for  the  directional  SCAS  are  presented  next. 

2.1.3, 3.1  Inner  Loop  Directional  SCAS  Stabilization  and 
Control 

YAW  DAMPING  - Illustrated  in  the  top  right  hand  corner  of 
Figvrre  28  are  the  high-  and  low-speed  damping  paths  utilized 
in  the  directional  SCAS.  The  low-speed  loop  is  shown  nearest 
the  diagrcim  top,  with  L-4  switching  incorporated  to  transfer 
airfreune  yaw  rate  feedback  (in  a transient-free  manner)  from 
one  path  to  another  at  45  knots.  Switching  between  loops  is 
accomplished  at  a single  airspeed,  and  does  not  depend  upon 
whether  the  aircraft  is  speeding  up  or  slowing  down  as  in  the 
case  of  the  SCAS  axes  already  covered. 
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The  single  output  of  the  damping  network  goes  through  a low- 
pass  filter  prior  to  authority  limiting  and  DELS  frequency 
splitter  interfacing.  The  first  order  filter  removes  the 
effects  of  airframe  vibration  from  the  damping  signal,  and 
also  compensates  for  the  small  computer/sensor  noise  spikes 
described  earlier.  In  analytical  and  simulation  modeling  of 
the  damping  loops,  the  filter  was  originally  placed  adjacent  to 
the  input  gain,  but  was  later  moved  to  accommodate  all  of  the 
differential  outputs  for  improved  AFCS  performance. 

The  frequency  selective  directional  SCAS/DELS  interface  is 
similar  to  the  one  described  earlier  for  the  longitudinal 
axis,  and  a description  of  its  operation  (and  authority 
limitations)  appears  at  the  end  of  Section  4. 1.3. 1.5. 

As  shown  in  the  block  diagram,  a washout  filter  is  incorporated 
in  the  high-speed  damping  path  to  preclude  yaw  rate  signal 
saturation  in  steady  coordinated  turns.  This  high  pass  filter 
is  eliminated  at  low  speed  to  ensure  a linear  yaw  rate  pedal 
gradient.  Leaving  in  the  washout  at  low  speed  would  cause 
the  filter  to  act  as  a differentiator,  which  would  produce 
acceleration  like  feedbacks,  and  unwanted  aircraft  responses. 

CONTROL  RESPONSE  QUICKENING  - Summed  with  the  low- speed  damp- 
ing signal  is  a feedforward  pedal  pickoff  "quickener"  input. 

The  quickening  consists  of  processing  directional  pedal 
position  through  a low-pass  filter  to  augment  the  steady  yaw 
rate,  rise  time,  and  amplitude  produced  by  the  direct  path 
control  input.  When  used  in  conjunction  with  the  damping 
loop  described  above,  the  quickener  produces  linear  fi  st 
order  yaw  rate  responses  (to  pedal  step  inputs) . The  feed- 
forward signal,  by  standing  off  the  feedback  v"’  rate,  allows 
higher  steady  rates  to  be  developed  without  increasing 
authority. 

2. 1.3. 3. 2 Outer  Loop  Directional  SCAS  Stabilization  and 
Control 

DIRECTIONAL  STABILITY,  STABLE  PEDAI.  GRADIENT  - Static  direc- 
tional stedaility  incorpwarated  into  the  basic  347  Flight 
Research  Vehicle  and  HLH  prototype  airframes  is  very  close  to 
neutral  without  AFCS  augmentation.  The  347  exhibits  low 
levOiS  of  positive  stability,  and  the  HLH  is  slightly  negative 
at  angles  of  attack  in  the  cruise  region  of  the  flight 
envelope.  As  a result  of  low  inherent  stability,  which  is 
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a useful  feature  for  gust  rejection,  very  flat  cockpit  pedal 
gradients  with  sideslip  angle  are  generated  by  the  basic 
aircraft. 

To  improve  this  situation  for  the  pilot,  augmentation  is 
provided  in  the  form  of  a pedal  gradient  network  that 
utilizes  measured  airframe  sideslip  information.  The  side- 
slip feedback  is  generated  by  a sot  of  pressure  ports  located 
in  the  nose  of  the  helicopter,  which  produce  a differential 
pressure  proportional  to  sideslip  angle.  The  sideslip  signal 
is  passed  through  a variable  gain  network  and  low-pass  filter 
to  produce  the  required  stability  feedback. 

Variable  sideslip  gain  is  developed  in  two  sections.  As  shown 
in  Figure  28,  the  first  of  these  (FNSSl)  modulates  sideslip 
sensitivity  as  a function  of  airspeed,  resulting  in  constant 
gain  as  a function  of  sideward  velocity.  Gain  is  reduced  to 
zero  in  the  low-speed  region  to  preclude  introduction  of  any 
rotor-induced  downwash  components  into  the  static  ports  which 
become  pronovinced  as  tlic  aircraft  slows  down. 

The  second  section  of  the  sideslip  network  programs  gain  as 
a function  of  sideslip  angle,  with  a higher  gain  (and 
stability)  in  the  region  close  to  zero  sideslip.  This 
feature  allows  sideslip  feedback  over  a wide  range  of  angles 
wwithout  requiring  excessive  control  authority. 

In  addition  to  the  lov/-speed  induced  velocity  effects  just 
mentioned,  the  rotor  also  produces  a series  of  periodic 
pressure  pulses  which  enter  the  sideslip  ports  each  time  a 
blade  passes  in  front  of  the  aircraft.  These  high  frequency 
pressure  pulses  are  removed  from  the  sideslip  signal  by  the 
low-pass  filter  shown  on  the  diagram. 

When  the  aircraft  is  trimmed  at  any  sideslip  angle  (other  than 
zero)  the  SCAS  augmentation  feedback  puts  a corrective  pedal 
movement  directly  into  the  rotor  through  the  differential  path. 
If  the  pilot  did  nothing,  the  resulting  control  moment  would 
return  the  helicopter  to  straight  flight.  Instead,  the  pilot 
applies  pedal  in  the  direction  he  wishes  to  hold  the  aircraft 
nose  for  trim,  which  is  equal  and  opposite  to  the  differential 
SCAS  increment.  The  resulting  relationship  between  cockpit 
pedal  and  sideslip  is  the  desired  stable  gradient,  requiring 
progressively  more  pedal  to  hold  the  aircraft  in  trim  as 
sideslip  angle  builds  up. 


14^ 


COURSE  PEDAL  TRIM  COMPENSATION  - As  airspeed  is  increased 
from  hovor,  right  podal  is  required  to  trim  the  basic 
unaugmonteU  aircraft  at  zero  sideslip.  This  offset  results 
from  induced  swirl  effects  imparted  into  the  slipstrezun  by 
rotor  rotation.  The  twisting  downwash  applies  side  force  to 
botli  1 otor  pylons  and  to  the  fuselage  which  must  be  compensated 
lor  by  application  of  differential  lateral  thrust  tilt 
(pedal  input) . 

An  airspeed  scheduled  feedback  path  is  incorporated  into  the 
directional  SCAS  to  compensate  for  the  zero  sideslip  pedal 
requirement.  Dy  putting  in  a rough  approximation  of  the 
differential  lateral  cyclic  required  to  trim  the  aircraft 
(tl^rough  tlie  differential  path),  the  pedal  position  in  the 
cockpit  is  maintained  at  close  to  zero  throughout  the  trim- 
speed  range  of  the  helicopter.  When  this  feature  is  mechani- 
zed in  tile  {ILH  AT'CS,  opposite  signs  must  be  used  for  the 
feedback  to  account  for  the  change  in  direction  of  rotor 
rotation. 

HEADING  HOLD  - Heading  hold  capabilities  are  incorporated  into 
the  directional  SCAS  through  the  path  shown  in  the  lower  right 
hand  side  of  Figure  28.  The  network  includes  only  the 
straight-through  loops  utilizing  the  KNHD  gain,  and  KNSNl/S 
synchronizer  discussed  earlier.  The  remainder  of  the  heading 
hold  mechanization  is  associated  with  load  stabilization 
features  which  will  be  discussed  later. 

At  low  speed,  heading  is  held  whenever  the  aircraft  is  being 
maneuv  ired  sideward  with  the  lateral  stick.  To  make  a pedal 
turn,  heading  hold  ic  unlocked  through  the  L-5  logic  and  is 
synchronized  until  the  pedals  are  returned  to  the  detent 
indicating  the  pilot's  desire  to  stop  the  turn. 

In  forward  flight,  heading  is  unlocked  for  turns  commanded 
with  the  lateral  stick,  or  when  sideslipped  trim  flight 
conditions  are  being  set  up.  At  other  times,  the  heading 
synchronizer  is  maintained  in  a stabilized  mode  and  aircraft 
heading  is  held  unless  the  pilot  applies  beep  trim  to 
adjust  the  flight  condition  slightly.  A typical  turn  entry 
is  shown  in  Figure  29,  where  heading  synchronizer  operation 
is  illustrated  in  the  responses  shown  at  the  bottom  of 
the  sketch. 
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TURN  ENTRY  COORDINATION  - Entry  into  stabilized  turns  in  for- 
ward fliqht  is  facilitated  by  a directional  SCAS  loop  which 
utilizes  aircraft  roll  rate  feedback  to  provide  coordination. 
This  loop  effectively  prevents  the  yaw  rate  damping  path  from 
"fighting"  the  desired  heading  change  at  the  start  of  a turn. 
The  coordination  path  passes  roll  rate  through  an  airspeed 
modulated  gain  and  iow-pass  filter  as  shown  in  Figure  28. 

The  filter  has  been  adjusted  to  minimize  the  effects  of  lat- 
eral acceleration  during  turn  entry,  permitting  lateral  stick- 
only  turns  to  be  accomplished  witli  a centered  turn  and  slip 
ball  indication. 

2, 1.1.4  Altitude  Hold  Synthesis 

Although  the  altitude  hold  function  in  the  vertical  SCAS  may 
be  considered  as  a selectable  mode,  it  is  discussed  in  the 
accompanying  SCAS  writeup  because  in  the  final  AFCS  config- 
uration vertical  SCAS  operation  is  possible  only  when 
altitude  hold  (or  hover  hold)  is  selected.  With  either 
barometric  or  radar  reference  enabled,  the  altitude  hold  mode 
should  provide  altitude  hold  capabilities  within  the  following 
tolerances  ; 

• Barometric  Mode  - 4^10  feet  of  established  altitude 
level  fliqht 

j+30  feet  of  entry  altitude  in  turns  to  30-degree  bank 

• Radar  Mode  - iiO  percent  or  +5  feet  of  established 
altitude,  whichever  is  greater,  in  the  hover  regime. 

The  functional  block  diagram  presented  in  Figure  30  summarizes 
the  control  law  package  developed  for  the  vertical  AFCS. 
Illustrated  along  with  the  basic  SCAS  are  altitude  hold,  load 
stabilization,  and  hover  hold  selectable  mode  features.  As 
shown  in  the  figure,  the  vertical  AFCS  provides  feedback 
stability  augmentation  through  a differential  path  interfaced 
with  the  DELS,  and  both  integral  and  proportional  CCDA 
commands  for  backdriving  the  cockpit  collective  stick.  The 
AFCS  accepts  LCCC  inputs  in  conjunction  with  hover  hold 
operations  which  will  be  covered  in  the  next  report  section. 
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The  original  vertical  SCAS  mechanization  is  relatively  simple 
when  compared  with  otlier  axes.  Only  one  feedback  parameter 
was  utilized  (airframe  vertical  acceleration) ; and  no  feed- 
forward augmentation  or  beep  trim  features  were  incorporated. 
Acceleration  feedbacks  provide  short  term  vertical  velocity 
damping.  Flight  test  results  indicate  that  this  type  of 
damping  was  desirable  only  when  either  the  altitude  Iiold  or 
hover  hold  mode  was  enqaged,  i.e.,  continuous  use  of  airframe 
acceleration  feedback  was  not  required;  hence,  there  is  no 
vertical  SCAS  per  so. 

This  section  of  the  report  describes  combined  operation  of 
the  vertical  SCAS  and  altitude  hold  mode.  When  altitude  hold 
is  selected,  the  aircraft  is  automatically  maintained  at  a 
constant  height  above  a selected  datum  through  use  of  radar 
or  barometric  altitude  feedback  information.  With  this  dual 
altitude  reference  system,  barometric  pressure  altitude  is 
used  primarily  in  the  cruise  region  of  the  flight  envelope, 
and  radar  data  when  the  helicopter  is  maneuvering  near  the 
ground  (generally  below  200  feet) . Switching  between  radar 
and  "baro"  altitude  reference  is  normally  accomplished  auto- 
matically, but  the  pilot  also  has  a manual  selection 
capability. 

The  vertical  velocity  damping  network  is  utilized  with  both 
types  of  altitude  reference.  An  additional  feedback  (vertical 
rate  of  climb  generated  by  sensor  differentiation  of  the 
radar  altitude  signal)  is  employed  for  stability  augmentation 
when  tl\e  radar  mode  is  engaged.  Backdriving  of  the  collective 
stick  maintains  the  correct  cockpit- to-swashplate  control 
relationship,  with  both  integral  and  proportional  drives 
employed  while  operating  on  baro  reference.  In  the  radar 
mode,  only  integral  drive  signals  are  passed  to  the  CCDA 
actuators . 

Of  the  four  axes,  the  vertical  AFCS  underwent  perhaps  the 
greatest  developmental  change  from  its  initial  Task  1,  Part  1, 
conceptual  mechanization,  to  the  final  flight  validated 
system.  Significant  modifications  of  the  original  control 
laws  were  necessitated  by  unanticipated  CCDA  collective 
actuator. and  radar  altitude  sensor  perfomiunce  characteristics. 
In  the  writeup  which  follows,  the  improved  control  laws  are 
reviewed,  along  with  detailed  discussion  of  each  inner  and 
outer  stability  and  control  loop. 
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2.1.  Li.n.Mr  .liKl  Outer  Loop  Vertical  Stabilization  and 

Control  vitli  Altitude  Hold  Engaged 

VEItriCAL  ' 'l-H.OC  lTY  DAMPING  - The  vertical  damping  loop  shovm 
at  th'  top  of  I’i'iure  30  passes  airframe  vertical  acceleration 
signal:.;  throuijn  a frequency  selective  (lag/washout)  network 
into  L.u,'  vi  1 j3  , 'roid  .1  al  AFCS/DELS  interface.  This  path  is 
uctiVe  only  wiKMi  altitude  liold  using  barometric  reference 
i nfoL-!i; 'iticai  ' selected.  , 

I'ho  l(./,•-pvu;s  iilt'.r  (T/,3)  annotated  on  the  diagram  attenuates 
uiiwanteu  ac'M.'icrometcr  signal  components  caused  by  aircraft 
vibrat  ion.  It  acts  essentially  as  a'  short  term  "integrator" 
of  the  icce  I or  .ition  signal  (as  shown  in  the  frequency  response 
skotcii  at  the  .o,u  of  Figure  31)  , approximately  a velocity- 
typo  feedback  for  stabi] ity  enhancement  at  high  frequency. 

Tlio  le  -oinpai I'/ing  high-pass  filter  (TZ2)  is  incorporated  to 
climLimtc  sc.itic  signal  drift  and  zero  ftequency  acceleration 
components  of  thf?  type  generated  in  steady  turning  maneuvers, 
etc.  A second  low-pass  filter  (TZ7)  is  inserted  in  the 
di fferontial  output  path  of  the  vortical  axis  to  remove 
comput tjr/sensor  noise  spikes,  as  described  earlier. 

Rndai  r.te  information  is  used  to  complement  the  acceleration- 
der Lveu  vortical  damping  ‘feedback  when  radar  altitude  hold  is 
engaged.  In  this  mode  of  operation,  acceleration  signals 
follow  1 different  path  than  the  one  described  above  for  the 
baro  r-'ferenco.  As  seen  in  Figure  30,  accelerometer  feedbacks 
pass  through  a 20- ;5r;cond-h igh  pass  filter  (TZIO)  and  5-second 
first  order  lag  (TZi4) . 

rhis  Wc. shout/low  pass  filt.  r network  is  similar  to  the  shaping 
usee)  in  tin  b.uo  mod».  , with  different  time  constants  and  gains 
scl<-ctrd  Ko  facilitate  blending  the  acce.i  eration  signal  with 
the  radar  vertical  rate  feedback.  Combining  the  two  signals 
is  achit'veu  with  u complementary  filter  mechanization  which 
produces  single,  smoothed,  constant  gain  output  of  the 
type  shown  at  the  bottom  of  Figure  32.  The  advantage  of  using 
complementary  iili-ci  ing  lies  in  the  fact  that  the  best  freq- 
uency range  of  both  constituent  signals  ( A and  B ) can  be 
utilized  to  produce-  the  desired  output  ( C ). 
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FIGURE  31. 

AFCS  VERTICAL  AXIS 

FREOUENCY  RESPONSE  CHARACTERISTICS  OF  PURE  ACCELERATION  B 
ACCELERATION/ VELOCITY  VERTICAL  DAMPING  FEEDBACKS 
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When  tlic  control  laws  were  first  formulated  for  the  vertical 
axis,  it  was  anticipated  thcit  vertical  damping  (through 
acceleration  feedback)  would  be  a full-time  SCAS  function. 

This  mechanization  was  retained  as  a viable  augmentation 
candidate  through  piloted  simulation  evaluations  at  .lorthrop. 

With  the  start  of  SCAS  testing  on  the  flight  research  vehicle, 
however,  problems  were  identified.  The  resultant  response 
characteristics  reflected  a miscoordination  between  the  dif- 
ferential feedback  path  and  the  pilot's  collective  input  while 
maneuvering,  due  to  the  acceleration  washout  characteristics. 
Tlie  problem  was  solved  by  eliminating  acceleration  as  a con- 
tinuous feedback,  except  when  altitude  hold  or  hover  hold  was 
engaged  along  ’/ith  the  stick  backdriving  loops.  Basic  air- 
craft vertical  velocity  damping  levels  were  -judged  high 
enougli  to  provide  good  vertical  control. 

ALTITUDE  HOLD  - As  indicated  earlier,  either  radar  or  baro- 
metric altitude  information  is  used  as  a stability  feedback 
with  altitude  hold  engaged.  The  two  altitude  loops  are  shown 
entering  the  AFCS  in  the  bottom  right  hand  corner  of  Figure 
30.  L-7  logic  switching  determines  which  type  of  altitude 

data  IS  processed  through  the  differential  and  parallel 
output  control  paths  of  the  vertical  axis.  Mechanization  of 
the  L-7  logic  matrix  is  illustrated  in  Figure  32. 

This  logic  diagram  indicates  that  when  the  pilot  selects 
automatic  altitude  hold  operation,  radar  altitude  is  the 
reference  below  200  feet.  Once  engaged,  the  radar  mode  stays 
latched  until  the  aircraft  exceeds  220  feet  above  the  ground. 
At  this  point,  the  altitude  hold  reference  automatically 
reverts  to  the  barometric  feedback.  Manual  selection  of  radar 
reference  is  possible  up  to  a maximum  altitude  of  250  feet, 
but  baro  reference  can  be  utilized  at  any  altitude. 

When  the  pilot  selects  altitude  hold,  L-6  logic  engages  the 
vertical  damping  and  altitude  loops  as  shown  in  Figure  30, 
(Details  of  the  L~6  logic  switching  network  are  presented  in 
Appendix  A) . If  the  pilot  wishes  to  re-reference  altitude  for 
any  reason,  he  first  unlocks  the  magnetic  brake  to  permit 
collective  stick  motion.  A "mag"  brake  discreet  signal  is 
generated  which  changes  the  state  of  all  L-6  logic  controlled 
switches,  thereby  disengaging  altitude  hold  until  such  time 
as  the  brake  button  is  released  to  relock  the  collective 
stick.  Collective  stick  movement  produces  an  aircraft 


152 


vertical  rate  which  the  pilot  stops  as  he  approaches  the 
desired  altitude  bv*  readjusting  stick  position. 

Both  altitude  signals  arc  low-pass  filtered  initially  to 
eliminate  sensor  noise.  The  radar  signal  must  also  undergo 
a coordinate  transformation  to  achieve  the  proper  axis  orien- 
tation (perpendicular  to  the  earth  surface  plane) , and 
reference  with  respect  to  the  aircraft  eg  location.  After 
passing  through  the  li-7  switch,  the  selected  altitude  refer- 
ence signal  enters  a synchronizer,  which  is  incorporated  to 
eliminate  altitude  hold  mode  engagement  transients.  The 
altitxidc  signal  continues  on  into  both  the  high  frequency 
differential  output  path,  and  the  lower  frequency  collective 
backdrive  network. 

The  L-7A  switch  shown  in  the  differential  path  directs  the 
radar  reference  signal  through  a lead-lag  filter  (Tz8/Tz9) , 
and  the  baro  reference  feedback  through  a similar  lead-lag 
(Tz5/Tz6)  and  washout  (T^l) . The  lead-lag  filters  provide 
phase  advancement  for  the  radar  signal,  and  high  frequency 
gain  increase  on  barometric  reference.  The  wiishout  was 
incorporated  to  prevent  standoffs  between  the  differential 
and  parallel  output  paths  (in  the  barometric  mode)  due  to 
a drifting  reference  condition  noted  with  the  baro  sensor. 

The  radar  signal  is  not  washed  out  since  it  provides  velocity 
feedback  for  LCC  control. 

Conf igutation  of  the  differential  output  path  for  the  altitude 
loop  was  modified  extensively  during  the  first  Northrop 
piloted  simulation,  to  compensate  for  collective  CCDA  actuator 
perforTnance,  The  actuator  produced  a lagged  rate  limited 
response  with  0.1  to  0.2  inches  of  equivalent  collective 
stick  backlash  in  the  gearing  mechanism.  To  get  around  the 
problem  in  the  simulator,  the  differential  lead-lag  path 
(Tzs/T^b)  shown  on  the  Figure  30  diagram  was  inserted,  with 
both  radar  and  baro  signals  passing  through  the  washout. 
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In  addition  to  the  differential  paths  just  described,  altitude 
feedbacks  are  also  utilized  to  generate  backdrive  commands  for 
the  stick.  Based  on  earlier  347  flight  program  results,  both 
proportional  and  integral  stick  drive  mechanisms  were 
incorporated  into  the  original  candidate  Task  1, Part  1,  vertical 
axis.  Proportional  drives  had  been  found  to  require  a companion 
integral  drive  capability,  since  the  proportional  signals  did 
not  eliminate  bias  offsets  which  developed. 

In  the  final  flight-validated  backdrive  mechanism,  a 
combination  of  proportional  and  integral  CCDA  command  paths 
was  found  to  work  best  when  baro  reference  was  being  used. 

With  the  radar  mode,  only  the  integral  path  was  required.  As 
in  other  axes,  this  integral  drive  loop  is  configured  with  a 
synchronizer  to  zero  output  of  the  path  while  the  aircraft 
is  being  maneuvered  vertically  with  the  collective  stick. 

The  synchronizer  prevents  engagement  transients  from  occurring 
when  altitude  hold  is  resumed, 

COLLECTIVE  POSITION  COMPENSATION  - With  the  altitude  hold 
or  automatic  approach  to  hover  modes  selected,  a collective 
stick  position  compensation  loop  is  engaged  as  shown  at  the 
bottom  of  Figure  30.  This  control  path  causes  the  proportional 
CCDA  backdrives  to  move  the  collective  stick  in  the  cockpit. 

It  provides  an  approximation  of  the  collective  pitch  require- 
ments in  level  flight  (i.e.  power)  as  a function  of  airspeed. 
Since  the  loop  does  not  operate  continuously,  it  has  a 
synchronizer  incorporated  to  eliminate  engagement  transients. 

The  position  compensation  path  is  basically  an  "anticipator” 
network  which  is  intended  to  alleviate  some  of  the  altitude 
hold  integral  control  drive  workload.  Use  of  the  loop  results 
in  less  aircraft  altitude  transients  during  accelerating  or 
decelerating  flight  with  altitude  hold  engaged.  It  is  noted 
that  collective  compensation  also  facilitates  a smaller  glide 
slope  error  during  automatic  approach  to  hover  maneuvers. 

Downstream  of  the  synchronizer,  the  compensation  path  includes 
a switching  network  (L2A/L2B)  which  allows  the  pilot  to  fly 
either  an  automatic  coupled,  or  manual  approach  to  hover. 

During  manual  approach  maneuvers,  the  loop  is  disengaged. 
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2.1..:>.4.2  Vertical  AFCS/DELS  Interface 

Differential  outputs  of  the  vortical  Al’CS  are  interfaced  with 
the  DELS  through  a single  authority  limiter,  as  described 
earlier  in  Section  2. 1.3. 1.5.  Tho  vertical  interface  is  dif’- 
ferent  from  other  axes,  in  that  a frequency  splitter  was 
not  employed.  This  is  because  of  the  relatively  low  vertical 
axis  equivalent  control  authority,  which  is  only  +1.5  inches 
out  of  a total  9.0-inch  travel  in  the  cockpit. 
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2.1.4  Hover  Hold/LCCC  Operation 

A pilot  selectable  Hover  Hold  mode  was  developed  for  the  AFCS 
to  meet  the  stringent  ± 4-inch  and  jf  2°  HLH  hover  acquisition 
and  hold  performance  goals  detailed  earlier  in  Section  4.1.1. 
This  mode  is  intended  to  be  used  primarily  by  the  load  con- 
trolling crewman  while  he  maneuvers  the  aircraft  at  low  speed 
with  the  LCC  controller,  or  automatically  holds  position 
after  acquiring  the  hover  target.  The  pilot  can  also  utilize 
the  stability  features  of  the  Hover  Hold  mode  to  maintain 
velocity  or  position.  Depressing  the  cyclic  stick  "mag" 
brake  disengages  these  loops  and  permits  normal  low-speed 
maneuvering  on  the  basic  SCAS  as  described  earlier. 

Hover  Hold  has  two  major  sub-modes  of  operation.  They  are  the 

• Hover  Hold/Precision  Hover  Sensor  (PHS)  that  provides  a 
precise  automatic  hold  and  maneuver  capability  through 
high-gain  loop  closures  and  low-sensitivity  controller 
commands,  based  upon  very  accurate  ground  velocity  and  po- 
sition inform.ation  generated  by  the  PHS.  The  downward- 
looking PHS  incorporates  an  optical  position  tracking 
scheme  to  determine  horizontal  aircraft  movement,  and 
laser  ranging  to  establish  vertical  motion. 


• Hover  Hold/IMU-Radar  - where  velocity  information 

only  from  IMU  and  radar  altimeter  sources  is  utilized 
(along  with  LCCC  inputs)  to  maintain  a tight  velocity 
control,  when  signals  from  the  PHS  are  unusable  due 
to  excessive  aircraft  speed  or  poor  scene  correlation 
beneath  the  aircraft. 

The  rearward  facing  load-controlling  crewman  (LCC) 
maneuvers  the  helicopter  with  a four-axis,  single-stick, 
"finger-ball"  controller  of  the  type  shown  in  Figure  33. 

This  controller  employs  an  optimized  non-linear  control  sen- 
sitivity (generated  through  use  of  an  input  function  in  the 
AFCS  computer)  to  provide  "beep"  position,  and  "creep"  or 
"leap"  velocity  changes. 

When  the  helicopter  is  operated  in  the  PHS  position  hold  mode, 
small  beep  pulse  commands  can  be  introduced  through  the 
controller  to  re-reference  the  horizontal  or  vertical  location 
of  the  aircraft.  Each  pulse  input  moves  the  helicopter 
approximately  2 inches.  Larger  control  deflections  produce 
"creep"  and  "leap"  velocity  responses,  as  shown  in  Figure  33, 
which  reflect  increasing  control  sensitivity  with  stick  mo- 
tion. Maximum  longitudinal  and  lateral  stick  inputs  produce 
translational  velocities  of  up  to  + 15  feet  per  second.  Max 
vertical  speed  capability  is  on  the  order  of  ± 360  feet  per 
minute  with  full  control,  and  the  yaw  rate  maximum  is  approxi- 
mately 9 degrees  per  second. 
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FIGURE  33. 

LCC  CONTROLLER  CONFIGURATION  ft  RESPONSE  SCHEDULING 
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HOVER  HOLD  ENGAGEMENT  — The  Hover  Hold  mode  can  be  engaged 
at  any  speed  where  the  Velocity  Mode  Transfer  switch  is 
utilizing  groundspeed  reference  (i.e.,  below  40-45  knots). 

This  capability  is  very  useful  when  the  aircraft  is  required 
to  track  a moving  target,  such  as  a ship,  after  acquiring 
or  depositing  external  cargo. 

A "drift-clearing"  feature  is  incorporated  into  the  velocity 
feedback  loops  to  facilitate  velocity  lockon  at  other  than 
zero  speed  as  determined  by  the  Inertial  Measuring  Unit. 

This  feature  automatically  synchronizes  the  groundspeed  feed- 
back output  to  zero  prior  to  Hover  Hold  engagement,  and  then 
increments  velocity  changes  from  that  point  on  for  stability. 
Manual  drift  clearing  by  the  pilot  is  also  possible  so  that 
he  can  eliminate  the  effects  of  any  IMU  drift,  etc./  which 
would  require  a controller  input  to  roaintain  desired  trim 
speed . 

DEMONSTRATION  RESULTS  - During  the  flight  evaluation  of  Hover 
Hold  and  LCC  operation,  photo  optical  tracking  of  the  air- 
craft (over  a painted  target  on  the  ground)  was  accomplished 
to  establish  the  accuracy  of  automatic  and  manual  position 
hold  capability  with  Hover  Hold  engaged.  A sample  of  the 
tracking  results  is  presented  in  Figure  34„  Test  data  shown 
on  the  plot  typify  automatic  position  hold  performance  with 
PHS  engaged  in  gusty  and  non-gusty  flight  conditions.  The 
data  indicate  a circular  error  probability  (CEP)  of  maintain- 
ing desired  position  that  is  very  close  to  the  +4-inch 
performance  goal  established  for  Hover  Hold.  As  shown  in  the 
figure,  the  effects  of  wind  gusts  are  relatively  small  with 
the  PHS  operating. 

This  section  of  the  report  describes  development  of  the  Hover 
Hold  mode,  precision  hover  with  the  PHS,  and  LCC  controller 
operation.  Synthesis  of  Hover  Hold  control  laws  and  logic  is 
covered  first  in  Section  2. 1.4.1,  where  each  AFCS  axis  is 
treated  individually.  Section  2. 2. 4, 2 follows  with  a synopsis 
of  the  key  developments  in  the  design  analysis  of  the  Hover 
Hold  mode  and  controller  interfacing. 
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FIGURE  34. 

HELICOPTER  POSITION  HOLD  DATA  WITH  PRECISION  HOVER  SENSOR 


2. 1.4.1  Synthesis  of  Hover  Hold  Control  Laws  and  Logic 


Hover  Hold  control  law  mechanizations  arc  similar  for  the 
longitudinal,  lateral,  and  vertical  axes.  With  the  PHS 
locked  on  and  producing  valid  signals,  the  AFCS  processes 
sensor-derived  precision  velocity  and  position  feedback 
information  for  stability,  and  LCCC  commands  for  control. 
Angular  rate  and  attitude  feedback  loops  are  retained  from 
the  basic  longitudinal  and  lateral  SCAS,  along  with  the 
lateral  groundspeed  path  described  earlier.  CCDA  cockpit 
control  backdrives  are  also  maintained  to  ensure  proper  trim 
positioning  of  the  stick  and  pedals. 

The  directional  axis  incorporates  all  of  the  low-speed  SCAS 
loops  described  earlier  (except  for  the  pedal  pickoff 
"quickener")  and  an  LCC  controller  velocity  path  for  command- 
ing aircraft  yaw  rate.  No  position  beep  capability  is 
required  in  this  axis. 

WJien  the  PHS  is  unable  to  provide  valid  signals.  Hover  Hold 
reverts  to  a velocity  maintenance  system  using  transformed 
IMU  groundspeed  feedbacks  (or  vertical  radar  rate) , and  the 
angular  rate,  attitude,  and  CCDA  loops  just  described.  LCCC 
inputs  command  velocity  only.  The  directional  axis  functions 
are  identical  to  those  mentioned  above. 

Control  laws  associated  with  both  modes  of  Hover  Hold  opera- 
tion are  illustrated  in  the  bottom  half  of  the  AFCS  func- 
tional block  diagrams  previously  discussed  in  connection  with 
SCAS  performance.  A description  of  the  operation  of  each 
axis  is  presented  next. 

2. 1.4. 1.1  Longitudinal  Hover  Hold  and  LCCC  Operation 

Figure  14  in  Section  2. 1.3.1  summarizes  the  complete  longi- 
tudinal Hover  Hold  control  law  package  as  it  existed  at  com- 
pletion of  the  ATC  flight  demonstration  program.  Stability 
feedbacks  (in  the  form  of  IMU  velocity,  PHS  velocity,  and  PHS 
position  signals)  are  shown  on  the  right  side  of  the  diagram, 
along  with  LCC  controller  inputs  on  the  lower  left.  Differ- 
ential DELS  interfacing  is  depicted  at  the  top  of  the  chart 
and  Hover  Hold- associated  LCP  outputs  at  the  bottom.  Parallel 
backdrive  CCDA  command  loops  are  illustrated  in  the  top  left 
hand  corner  of  the  diagram. 

Since  the  Hover  Hold/IMU  mode  encompasses  the  simplest  con- 
trol law  mechanization,  it  is  described  first. 
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2. 1.4.. 1.1.1  Hover  Hold/IMU  Velocity  Mode  - Stability  feed- 
backs include  pitch  rate,  pitch  attitude,  and  longitudinal 
groundspeed  signals  generated  by  the  IMU. • 

Rate  and  attitude  gains  are  increased  over  the  basic  SCAS 
through  use  of  the  L-llA  switching  in  order  to  minimize  pitch 
response  and  to  ensure  compatibility  with  the  higher  gain  veloci- 
ty feedback  path  added  for  Hover  Hold.  Operation  of  Hover 
Hold  engagement  logic  (including  L-11  and  L~11A  switching)  is 
summarized  at  the  top  of  Figure  35. 

To  select  Hover  Hold/IMU,  the  pilot  depresses  the  "Hold" 
button  on  the  Mode  Select  Panel  in  the  cockpit  which  lights 
up  when  the  mode  engages.  A similar  "IjCC"  button  is  used  to 
activate  the  controller.  As  shown  in  Figure  35,  Hover  Hold 
remains  engaged  until  the  pilot  (or  load  crewman)  "drift 
clears"  the  IMU  velocity  path.  Disengagement  also  occurs 
when  the  pilot  depresses  the  cyclic  "m.ag"  brake  to  retrim 
stick  forces,  or  maneuvers  the  aircraft  in  such  a manner  as 
to  vary  groundspeed  by  more  than  15  knots  from  the  velocity 
existing  at  the  time  of  engagement.  When  the  aircraft  ex- 
ceeds 45  knots  airspeed,  the  mode  will  also  automatically 
disengage . 

The  Xp,  IMU  groundspeed  feedback  employed  during  the  hover  hold 
operation  is  processed  through  the  longitudinal  cyclic  pitch 
(LCP)  path,  rather  than  through  the  differential  DELS  inter- 
face previously  described  in  the  SCAS  writeup.  With  Hover 
Hold  engaged,  the  SCAS  associated  Xg ' velocity  feedback  is 
not  used.  Instead,  it  is  stored  in  the  Track-Store-Decay 
element  shown  on  Figure  14  when  L-11  logic  is  true. 

After  being  transformed  to  the  proper  axis  system  and  eg 
reference,  the  X feedback  passes  through  a transfer/switching 
network  which  selects  the  proper  IMU  or  PHS  velocity  (depend- 
ing upon  PHS  sensor  validity) , and  then  sums  this  signal  with 
the  LCC  controller  commands.  The  transf er/switching  loops 
provide  smooth  transition  between  velocity  references  as 
described  next. 

IMU/PHS  Velocity  Reference  Transfer  and  "Drift  Clear" 

Operation  - An  explanatory  sketch  showing  how  the  PHS/IMU 
velocity  transfer  network  operates  is  presented  in  Figure  36. 

This  diagram  represents  an  approximate  analog  analogy  of  the 
various  operations  performed  within  the  AFCS  digital  com- 
puters when  transferring  from  one  Hover  Hold  velocity  source 
to  another. 

Prior  to  engaging  Hover  Hold,  the  IMU  (or  upper  velocity  path 
shown  in  the  figure)  is  continuously  "drift  cleared"  to  zero 
output.  Zeroing  of  this  path  is  accomplished  with  a synchro- 
nizer of  the  type  described  earlier.  When  Hover  Hold  is 
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selected  (and  L-11  logic  permits  mode  engagement) , synchro- 
nization of  the  IMII  ground  spocci  stops.  From  this  point  on, 
incremi^ntal  changes  in  IMU  velocity  arc  passed  on  into  the 
feedback  path  for  stability.  Hie  L-19  switch  (detailed  in 
Figure  35)  is  open  at  first  due  to  the  assumed  invalid  sensor 
state,  and  only  the  IMU  velocity  signal  is  allov/ed  to  peiss. 

The  groundspeed  signal  was  initialized  to  zero  at  the  time 
of  mode  engagement,  but  has  grown  to  .5  feet  per  second  in 
the  example  because  of  some  external  disturbance,  such  as  a 
wind  gust  or  velocity  command  by  the  LCC . 

Small  differences  between  PHS  and  iMU  reference  velocJ  ties 
occur  because  of  the  relative  accuracy  of  the  two-signal 
sources.  In  the  example,  the  more  precise  PHS  velocity 
assumes  a value  of  2.0  feet  pei  second  as  the  sensor  becomfiS 
valid.  When  this  occurs,  the  L-i9  switch  closes,  permitting 
the  integrator  to  pass  the  error  (between  the  two  velocity 
signals)  into  the  upper  summing  junction.  The  output  of  this 
summer  changes  rapidly  to  reflect  the  PHS  signal  level,  and 
tracks  the  sensor  signal  as  long  as  it  remains  valid.  On 
reversion  back  to  IMU  reference,  the  integrator  holds  its 
final  value  and  the  feedback  velocity  follows  IMU  variations 
from  then  on. 

After  Hover  Hold/IMU  engagement,  the  aircraft  may  drift 
slightly  unless  the  pilot  or  load  crewman  puts  in  a corrective 
control.  This  "hands  off"  drifting  is  most  likelv  caused  by 
very  small  inherent  IMU  velocity  migrations,  or  it  may  be  the 
result  of  not  having  the  helicopter  perfectly  stabilized  at 
zero  velocity  when  the  mode  is  engaged.  The  problem  is  easily 
overcome  by  first  stopping  aircraft  motion  with  the  stick  ox' 
LCCC,  and  then  manually  "drift  clearing"  the  IMU  path  to  rese 
X and  Y velocity  to  zero. 

A final  step  in  the  manual  drift  clear  operation  consists  of 
releasing  the  bCCC  stick  to  return  to  its  zero  force  por  I'cion 
before  releasing  the  "drift  clear"  button.  b-34  logic  ovit- 
lined  in  Figure  35  defines  the  manual  and  automatic  "drift 
clear"  switching  netv,'ocks. 

LCCC  Command  Control  - 'i'he  LCCC  path  is  activated  by  T,-20 
logic  switching  as  sliown  in  Figure  14.  This  switching  network 
permits  controller  engagement  after  the  pilot  has  depressed 
the  "IjCC"  button  on  tlie  Mode  Select  Panel,  providing  Hovor 
Hold  I.-3 1 Logic  is  true.  Force -trimmi  ng  the  cyclic  or  collec- 
tive stick  in  the  cockpit  automatically  disengages  the  LCCC 
and  returns  control  to  the  pilot.  Disengagement  also  occurs 
when  L-11  logic  changes  statt.',  t:)r  when  the  pilch'  depre.sses 
the  "LCC"  button  lor  ilje  second  time. 

The  optimized  non-linear  contrc.'l  (iradient  referred  to  earlier 
in  connecticm  with  IXTC  operation  is  aclintryed  through  the 


I'^XLC'  command  function  and  KXLC’  qain  illustrated  in  I'iqurcis 
37  and  14.  llie  same  command  scheduling  is  utilized  for  bo+ii 
Hover  Hold  modes. 

In  tlie  IMU  mode,  velocity  commands  of  ever  i.ncreasing  magni- 
tude are  developed  once  the  load  crewman  deflects  the  stick 
beyond  its  velocity  threshold.  PHS  operation  is  similar 
with  an  additional  "position  pulse"  logic  discrete  command 
being  generated  when  the  controller  exceeds  a very  small  pre- 
set defent  about  the  null  stick  position. 

As  shown  in  Figure  37,  stick  sensitivity  is  very  low  around 
the  null  position,  picking  up  gradually  as  the  controller  is 
deflected  toward  its  limits.  ITiis  type  of  gradient  is  char- 
acteristic of  all  Hover  Hold  axes,  and  is  incorporated  to 
desensitize  the  mode  for  optimum  aircraft  response.  Substan- 
tial effort  was  expended  during  the  simulation  and  flight 
test  programs  to  define  the  best  control  shaping  for  each 
axis.  Higher  initial  sensitivity  slopes  (and  wider  velocity 
thresliold  bands)  were  evaluated  but  were  rejected  because  of 
their  tendency  to  cause  pilot  over-control  problems. 

It  is  noted  that  a significant  amount  of  LCP  is  commanded  with 
full  control  throw.  These  large  control  gains  are  required  in 
order  to  "buck  out"  the  strong  stability  hold  velocity  gradi- 
ent already  described. 

After  tlie  velocity  command  passes  through  the  non-linear  con- 
trol function  module,  it  is  low-pass  filtered  to  remove  high 
frequency  LCCC  input  signal  components.  Tlie  filter  is  auto- 
matically converted  to  a unity  gain  (with  no  lag)  during  drift 
clearing  operations.  'JTliis  change  prevents  any  controller 
dynamics  associated  with  stick  return  from  occurring  sub- 
sequent to  release  of  the  drift  clear  button.  Without  this 
feature,  transients  could  be  introduced  into  both  the  LCP  and 
CCDA  loops  each  time  the  IMU  velocity  is  drift  cleared. 

Tlie  processed  controller  commands  and  velocity  hold  feedbacks 
are  summed  to  produce  a velocity  error  signal  which  is  limited 
and  transmitted  through  the  LCP  and  cockpit  backdrive  control 
paths.  The  liXl  limiter  prevents  the  helicopter  from  generat- 
ing large  accelerations  due  to  the  high  control  gains,  and 
at  the  same  time  inhibits  excessive  backdrive  signal  commands 
from  reaching  the  CCDA  actuators.  This  backdrive  signal 
forces  the  cockpit  stick  to  the  proper  trim  position  for  the 
velocity  commanded.  Without  the  back -driven  cockpit  controls, 
transients  can  occur  each  time  the  pilot  resumes  control  of 
the  aircraft  at  the  end  of  LCC  operations. 

Velocity  error-signal  processing  in  the  LCP  path  includes  a 
lead/'ag  shaping  network  combined  with  a low-pass  filter. 

Time  onstants  of  this  processor  are  ta^^ored  primarily  to 
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FIGURE37. 

LCC  LONGITUDINAL  VELOCITY  COMMAND  FUNCTION 


achieve  phase  and  qain  improvement  in  the  Pits  mode,  and  to 
prevent  high  frequency  longitudinal  ci-clic  pitch  commands 
from  reaching  the  rotor  system. 

2. 1.4. 1.1. 2 Longitudinal  Hover  Hold/PHS  Mode  ~ Automatic 
stability  and  control  fujictions  associated  with  the  PUS  Hover 
Hold  mode  are  similar  to  those  just  described  for  IMU  opera- 
tion, with  the  following  exceptions: 

In  Velocity  (and  position)  information  is  generated  by 
■•'he  PHS  sensor  instead  of  the  IMU. 

Very  accurate  automatic  position  holding  is  possible 
because  of  the  addition  of  position  stability  feed- 
back loops,  and  because  the  PHS  signals  are 
somewhat  more  precise  than  these  of  the  IMU. 

3.  Small  incremental  "beep"  command  pulses  can.  be  intro- 
duced with  the  controller  to  fine  tune  the  stabilized 
position  of  the  aircraft  during  hover. 

Since  the  PHS  represents  an  essential  part  of 

Hover  Hold/PHS  selectable  mode,  its  operation  is  described 

next  before  dealing  witli  details  of  the  AFCS  control  laws. 

PHS  Operation  - 

The  Precision  Hover  Sensor  is  a self-contained  gyro-stabilized 
optical  device  capable  of  tracking  low— speed  aircraft  position 
and  velocity  with  great  accuracy.  It  is  mounted  in  the  tail 
of  the  helicopter  where  it  observes  the  scene  beneath  the 
vehicle  to  generate  required  feedback  signals.  An  optical 
position  correlation  and  tracking  scheme  is  utilized  for 
determining  movement  in  the  horizontal  plane,  and  a laser 
ranging  device  establishes  vertical  motion.  Velocity  infor- 
mation produced  by  the  PHS  is  derived  by  differentiation  of 
the  measured  sensor  position  data. 

Design  accuracy  requirements  for  the  RCA  built  sensor  reflect 
a + 1-inch  or  better  position  measurement  capability,  and  a 
velocity  tolerance  of  + l-incl:  per  second.  Horizontal  range 
extends  to  ^ 4 feet  in  both  the  X and  Y directions  (before 
the  sensor  unlocks  to  re-reference  itself),  and  the  altitude 
operating  band  lies  between  25  and  125  feet  above  the  surface. 

Maximum  design  velocity  was  initially  established  at  close  to 
8 feet  per  second,  but  wus  later  reduced  to  3 feet  per  second 
during  the  flight  program  in  order  to  improve  operation. 

In  early  Hover  Hold/PHS  flight  testing,  a sensor  deficiency 
was  identified  which  resulted  in  poor  tracking  performance 
over  certain  low  contrast  surface  features,  such  as  airport 

runways,  ramp  areas,  etc.  Z 
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Tn  (irdc;!.-  t(j  v-tify  tho  validity  cd  the  Hover  Ilold/rilS  control 
law  niorhani /at  ions,  a black  and  v/hi  to  clicohorboard  tar-.jot 
was  paintoil  on  the  runway  ter  assist  *.hr>  sensor  wiih  it;-, 
conariat ion/tracking  task.  I’HS  operation  over  this  painted 
target  area  was  marginally  satisfactory.  iv^tails  of  tho 
flight  teal,  results  are  reviewed  in  doction  7. 


A • iinplilr-''d  Precision  Hover  Sensor  block  diaqram  and  its 
fund  ion:,  is  given  in  Figure  iB.  Ihis  chart  depicts  tire 
sensor  model  used  during  AFCS  flight  simulation  work  a I 
Northrop..  'I'ho  model  was  somewlrat  less  complex 
than  the  actual  hardware,  but  its  mechanisation  l;-.  sntfi- 
ciently  clo.se  to  the  flight  article  to  warrant  .its  pre.senta- 
tion  lor  explanatory  purpo.ses.  Significant  differences 
between  the  simula^-ion  and  flight  test  configurations  are 
delineated  in  the  lower  right  hand  corner  of  the  djagrain. 

Ihe  essential  fundamentals  of  sensor  operation  are  outlined 

lir;*  1 nw  : 


T-o  energi/.e  the  PHS , the  pilot  first  moves  the  PUS 
FNABLli  sv/itcb  to  the  on  position.  Ihe  sensor  immedi- 
ately goes  to  a locked-cnr  condition,  providing  scene 
contrast  is  adequate  for  correlation  purposes,  and 
the  n'.aximum  PHS  trans.lat  ional  velrrcit  y limit  is  not 
exceeded.  Wlien  locked  ontr;  a target,  the  sensor 
generate:;  a "LOCK"  discrete  signal  which  goes  to  the 
f.-lh  I.Kiic  .sv'jtching  network. 


'Hic  PHL  initial  reft-Tcnce  or  "target"  posificjn  is 
lie  fined  as  a location  on  the  ground  directly  beneath 
tlu'  -sensor  centerline  at  the  time  lock-on  occurs. 


The  sensor  stay.s  locked  on  the  initial  target  until 
orn;  of  the  followin<i  events  take.s  place: 

a.  He  I ic-giter  mo'/cment  over  the  target  c;xceods  4 
feet  in  either  the  X or  Y direction,  (W 

b.  Helicopter  movement  exceeds  ± 2 feet  and  the 

rii  f ferenco  l^etwecn  commanded  position  and  actual 
position  (i.e.  position  error)  relative  to  the 
target  is  less  than  .2  feet  (dut*  fo  positiem 
"bcr;p"  command;:),  <u' 

c.  Hensoi*  velocity  acrc;ss  the  target  area  exceeds 
the  maximum  limitation  of  3 feet  per  second. 

l/'jj  • hiv/i  telling  networks  associateti  with  unlocking 
th<-  .'-.(•nsor  under  conditions  (A),  (Fg  , oi'  (C)  are 
iliustreted  on  the  left  nand  side  of  Figure  38. 
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3.  When  c'ithor  (A)  or  (B)  are  true,  the  eonsor  executes 
an  internal  "reiock"  maneuver.  'I'he  PHS  unlocks  and 
remains  unlocked  (with  L-19  loyic  false)  for  a period 
of  approximately  .7  second  during  which  time  it  is 
ostablishinq  another  target  reference  directly 
beneath  its  now  position.  Wliile  unlocked,  the  sensor 
position  and  velocity  sigr.als  are  set  t(3  xero  as 
illustrated  in  the  top  right  hand  corner  of  the  block 
diagram. 

4.  At  the  termination  of  the  "reiock"  cycle,  position 
measurement  starts  again,  (but  referenced  to  the  new 
target).  Velocity  information  is  also  generated. 

^1.  VThon  tlie  PUS  velocity  limit  is  exceeded  as  in  (C)  , 
the  sensor  unlocks  permanently  and  cannot  reiock 
unti 1 the  velocity  decreases  to  a value  below  the 
limit,  and  conditions  for  scene  reiock  are  satisfied. 

Durin<  the  period  of  time  that  the  PHS  is  unlocked  (i.e., 
is  invalid),  velocity  reference  for  Hover  Hold  reverts  to  the 
IMU,  a 'd  position  signals  are  no  longer  available.  Sensor 
tronst irmation  terms  used  for  re-referencing  lateral  position 
(and  based  on  aircraft  heading  changes)  are  also  synchronized 
to  zer.i  in  the  AFCS  computers  wlien  the  PHS  is  unlocked. 
synchronization  and  transformation  process  is  shown  schemati- 
cally in  the  bott'-)m  right  hand  corner  of  Figure  38.  A more 
comprenensivo  se*nsor  transformation  description  is  given  in 
Appeu'  ix  A. 

Lonqi.  uilinal  Hover  llold/PHS  Control  Law  Mechanization 

As  sh'"  wn  in  the  Figure  14  block  diagram.  Longitudinal  Hover 
Hold/j'IS  control  laws  retain  the  LCCC  velocity  command  and 
stability  feedback  mecha-  i zat ions  described  earlier  for  IMU 
operation.  Additional  paths  may  be  engaged  when  the  PHS 
is  locited,  providing  the  aircraft  is  moving  slow 
enouqh  and  L-6/L-8A  logic  is  satisfied,  as  indicated  in 
Figure  35.  These  loops  facilitate  automatic  position  holding, 
and  at  the  same  time,  permit  small  incremental  positional 
changes  to  be  "beeped"  in  with  the  LCCC.  Position  feedbacks 
and  LCCC  beep  coiranands  are  summed  to  form  an  error  signal 
which  is  passed  to  the  longitudinal  cyclic  and  CCDA  back-drive 
actuators  like  the  velocity  error. 

When  small  "creep"-type  velocities  are  commanded  with  the  con- 
troller, position  loops  automatically  disengage.  As  indicated 
earlier,  the  PHS  ^itays  locked  oi!  its  ox'iginal  target 
during  initial  aircraft  movement  if  the  commanded  speed  is  not 
too  great.  i’HS  velocity  feedback  information  is  utilized  by 
the  AFCS  until  the  4-foot  sensor  envelope  boundary  (described 
earlier)  is  reached. 
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Wlien  the  boundary  is  crossed,  the  PHS  relocks  internally, 
velocity  reverts  momentarily  to  the  IMU,  and  finally  the 
sensor  locks  on  again  with  velocity  switching  back  to  PUS 
reference.  If  the  control  deflection  is  held  in,  the  locking 
and  unlocking  process  repeats  itself  as  ..he  helicopter  slowly 
translates  across  the  ground. 

STABILITY  - The  Xpjjc;  velocity  feedback  used  in  the  PHS  mode 
(and  shown  in  Figure  14)  is  transformed  to  the  proper  coordi- 
nate system,  and  represents  aircraft  eg  movement  just  as  in 
the  case  of  tlie  IMU  signal.  Switching  between  the  IMU  and  PHS 
velocity  paths  was  described  earlier.  With  the  sensor  locked, 
PHS  signals  pass  directly  through  the  velocity  switching  net- 
work and  on  for  summation  with  the  LCCC  commands.  Further 
processing  of  the  velocity  error  is  handled  in  exactly  the 
same  manner  as  described  for  the  IMU  signal. 

Incremental  longitudinal  position  ( Xpj^^)  signals  for  position 
stability  are  tirst  transformed  to  the  proper  coordinate  sys- 
tem, and  are  then  processed  through  the  various  L-27C  con- 
trolled automatic  lead  stabilization  loops.  Operation  of  the 
LvSS  selectable  mode  is  covered  fully  in  Section  4.1.5. 

When  the  LSS  is  not  engaged,  the  transformed  position  feedback 
passes  directly  into  the  ?0(LU  high-gain  module  and  throug^i  a 
synchronizer  where  LCCC  beep  commands  are  summed  in.  The 
resulting  error  is  limited,  and  then  passed  to  the  LCP  and 
CCDA  rotor  and  cockpit  controls. 

Tlic  synchronizer  in  the  position  loop  operates  exactly  like 
the  roll  attitude  sync,  described  earlier.  With  the  PHS 
sensor  locked,  position  feedback  signals  will  pass  through 
the  synchronizer  to  stabilize  the  helicopter,  providing  L-8A 
logic  is  true  (i.e.,  switch  open).  The  L-8A  logic  network 
stabilizes  whenever  L-8  is  true,  aircraft  speed  is  below 
.5  feet  per  second,  and  velocity  commands  are  not  being  made 
with  the  control ler, as  shown  in  Figure  35.  Both  velocity  and 
position  feedback  loops  are  engaged  while  holding  position. 

Should  the  sensor  become  invalid  for  some  reason,  L-8  and 
L-8A  logic  discretes  go  false,  and  the  position  loop  is 
immediately  synchronized  to  zero  output.  Velocity  feedback 
is  switched  tcj  the  IMU,  and  automatic  position  holding  is  no 
longer  possible.  Once  the  sensor  signals  become  valid  again 
(and  conditions  for  stabilizing  L-8A  are  met) , the  synchro- 
nizer will  restabilize.  In  this  mode,  the  load  crewman  can 
introduce  bc?ep  command  pulses  into  the  sync  integrator  to 
re-reference  the  stabilized  location  of  the  aircraft, as 
described  next. 
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IiCCC  ('ONTROl,  - und  "<i  iM'p"  vclocitY  c .imniar  is , as 

defined  eai.'liei:,  arc  p):odnce<l  h/  continuous  co  itroiier  cieflec- 
tions  beyontl  the  :;tick  veLi>c:it:y  tlircslioid  (i.e.,  0.1  inches 
fcir  t)ie  l')n<)  itud  i na  1 an<i  Ia1ci:dl  axes  as  indicated  in  Fi.quro 
?j7).  Beep  positiini  conmiandi;,  on  Liio  ()th(_“r  hand,  are  gen- 
erated each  time  tine  control  I <'i;  is  mcr/ed  out  ot  di'tent. 

The  position  dotruit  ropresenth.  a sma  1 L segment  of  controller 
motion  defined  about  t:he  null  r.tick  pcjsition,  avui  is  half  the 
sixo  of  tlio  x’clocity  tlireshrdd. 

Wienever  controller  d<j  fleet  i (.'ii.".  oxi’ee'd  llie  detent,  a discrete 
logic  signal  is  (^entrrated  which  act’":at.e.:  1.- 1 'I  lo'.fic  causi.ng 
a single  lon<ji  tudi  nal  p>)sitioi\  comiaajid  pul.si^  to  be  introdviccd 
into  the  Ldcr’  po:;ition  path.  Bulse  duration  and  amplitude 
are  tailored  to  produce  an  error  comnuind  L>ias  (on  the  ouput 
of  the  sync  i nl  eci  ral.or ) which  is  not  satisfied  until  the  heli- 
copter lias  moved  appr(;ximateiy  2 Lnclies.  hvery  time  the  stick 
is  returned  to  the  iletent  and  then  moved  out  again,  a new 
pulse  is  (-(eneirated , By  continuously  pulsing  the  control.ier  in 
one  direction,  tne  helicopter  cai-  be  translated  slowly  across 
the  ground  to  re-re  terence  it.s  location. 

As  indicated  in  I'j.gure  .i'i,  I. -BA  Ifjgic  do<;s  rich,  automatically 
disengage  (with  .'■•.uhsegui'nt  reversion  to  velocity  control) 
every  time  tlie  rd.  i ck  excivul.'.  the  ''olcjcity  threshold.  Instead, 
the  controller  must  Ije  hrdd  l.xr/ond  tl)i;,;  point  for  at  least 
0 , h seconds  to  chan  ic  fii'oiu  (.he  pi.-si.tion  beep  mode  to  a ve- 
locity ros|.->onse.  'llio  tjine  delay  feature  was  incorporated  to 
simplify  the  ];eeo  ccnlm.d  task.  l>y  eliminating  maximum  ampli- 
tude r eejui  rcinuu'd  s Ihot  the  load  crewman  would  otherwise  have 
to  c;b.serve  while  Irxfping-  aiix'raft  piositioi''. . 

Response  to  Cimlj'  iU-r  nimtr.  - Fiijurt-  3h  si  raws  a typic.’al  air- 
craft re.spcuise  t(.  1 orni  i 1.  udi  na  1 (and  lot. oral)  pe,,ition  beep 
commands  put  in  w.i  Lli  tho-  h'.’CC,  1 li  ft.  rma  tic  >n  presented  it;  tliis 

figure  was  generated  dur.ing  liylv  id  siiaulation  testing  trrni- 
ducted  at  Vf'rto'i  . 

I ongitudi jia  1 a.Lrcrait  pta-.ititjn  c.hown  neai’  tlie  ttgj  of  the 
figure  varie;-,  in  a " i;ta i r-step"  fash.i'.m  after  each  contrcjller 
pulse  input.  When  stiver  a!  iitputs  follow  once  another  in 

rapid  succession,  posititJii  chantjes  become  continuous.  Note 
that  opposite  jxalarity  infjut;'.  cause  tho  aircraft  to  return  to 
its  initial  t r i in  inmition  in  tiio  example  shown.  F.ince  none 
of  thC'  iieep  j'lUlne-.s  oxceedod  0 . ‘i  necontin  duration,  anti  vt.ilocity 
nevf;r  went,  oli'c.i  O.h  feet  per  seotind,  the  positiori  loop 
remained  in  th<r  stahilixe  mcxle  throiKjhout  the  entire  maneuver. 

Fic.fui'e  -h)  i)  1 u;-.  1 ra I t;s  a iieii.t-;,  td  typical  respt  rises  Ln  random 
LCC(.'  vfdocily  c-  minands  i.u-:ecute'.i  witli  the  Hover  Ho  1 ti  mode 
engaged,  ControJ  ier  inputs  are  annotated  at  the  htJttom  ot 
the  cliart  with  variations  in  ground  speed  and  position  shown 
at  tlie  top.  l.CR  i pout  f •t,minantln  to  the  lOittvr  .‘  '/stem  are  also 
fji’/en  as  a function  ■'  f time. 


FIGURE  39 

HLH/ATC  PRECISION  HOVER  SLCC  CONTROL  SIMULATION 


Full  controller  stopn  produce  a gradual  increase  in  velocity 
which  peaks  out  at  approximately  15  feet  per  second.  The 
velocity  maintains  a maximum  value  until  the  control  input 
is  removed,  whereupon  ground  speed  returns  to  zero  and  posi- 
tion stabilization  is  resumed.  Tlie  output  of  the  position 
synchronizer  indicates  a need  for  only  small  control  inputs 
to  maintain  the  new  aircraft  location  once  the  position  loop 
is  re-engaged. 
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2.  1.4. 1.2  LritoraJ  H.-iver  Hold  and  LCCC  Operation 


Lateral- ax  L.s  Mover  Hcdd/IMU  and  Hover  Hold/PHS  control  laws 
are  summarized  in  the  I-'i((ure  2 1 block  diaqram  introduced 
earlier.  Detailed  n.ei  nani  nation  and  functirinaj  operation  of 
these  laws  is  essentially  the  same  as  described  for  the 
lonqitadinal  axis,  exctq't  tor  obvious  differences  in  the  area 
of  parameter  qains,  time  constants,  etc.,  and  retention  of 
the  low-speed  SC.’AD  laforal  velocity  feedback  path.  Because 
of  the  stronq  .similarities  between  thir  lateral  and  longitu- 
dinal Hover  Hold  mod.'s,  only  a limited  discussion  of  the 
lateral  axis  is  rec-jui-red. 

As  shown  in  the  dmaraim,  roll  rate  and  attitude  stability 
feedbacks  ar.'  pr'  cessed  thr<..)uqh  the  low-sper  d SCAS  networks 
with  increaseti  level  applied  I'or  Mover  Hola.  Dual  lat- 

eral IMU  ground  speevJ  patlui  are  ^Iso  utilized  in  the  later.al 
mode.  (ine  of  these  (designated  Yp)  m.iy  ^e  drift  cleared  as 
in  the  Long 1 1 ud i u.i  1 axis,  but  the  other  Yp ' signal  is  not 
clear('(3  and  remains  engaijed  thiouytjout  all  Hover  Hold  opera- 
tions. With  iU:  invalid  MHS,  Llie  Yp  IMD  signal  is  used 
as  the  veiociiy  lefej'ence.  Wiien  the  r-fiS  is  locked,  its  outp'Ut 
becomes  the  i i ■♦•dh.-ic:!. . 

Pos.it  ion  signal  i i.ocessing,  im.-luding  both  the  stability  and 
contio]  functi.-ns,  r;  lianiHed  like  the  Ic.'ng  1 1 udina  1 axis, 
l.atctni  Ijoo.'P  comni.i  iii:  cntiring  the  'position  synciiron  i zer 
are  controlled  ‘h  i,-!’.  h.igic  signals,  and  oiieration  of  the 
sync  Jtsel!’  is  cout.to!  )i<i  by  the  t,-8B  d i .sc  i i.'te . Ind.ails  of  t.  he 
various  lateral  ,i:<i  . M(;vi.'r  Hold  lo<|ic  ndworks  are-  erven  in 
Appendix  . 


Velocity  and  p<-.sii  ; on  eti-a  signals  are  IojiihoI  t.iy  summing  the 
LCCC  comn'uind  wii.ii  tin-  aj'pr  i.^i'ri  ate  leedback.  The  net  error  is 
then  passed  to  t lie  roti.ir  system  via  the  di  fforeiilia!  lai.eral 
yVFCb  cj.itpui.  i-'at;',  .inl  l)LI,;'  interface  desr-ribed  p r <■  vi  ous  1 y . 

The  error  sign-. Is  .i ! so  piovi'le  parallel  back'!;  ; 's-  (.lonunands 
for  the  cockpi  i - ' o , ^ n wnli.'h  I'omjjensate  lor  mi  i d.ions  in 

stick  tiim  reg  1..  1 1 t ss  ..is  c.  .e  I . i ted  witlt  wind. 

Laforal  LCC  i.v  ntia.dler  senisitivity  was  iruxlilied  rxt-ensively 
during  the  ne’.'el ' >ja;ienta.l  simuJ.-ition  ami  tli'jht  puogiams. 
I'igure  41  mmipaitfs  the  final  lat-erai  and  longitudinal  ccai- 
troller  schedules  expjessed  in  terms  of  stoidy  velocity 
respsinse  pei  ui  i t.  oi  i.i>ntrol  de'lectiiui.  Mote  the  leduction 
in  later. il  st'S  s i i.  i v i ty  (foi  small  e'ontroller  ii  sj.)  1 accmen  t s ) 
regur  rt'd  tor'  s.st  i s t act  (ij  y h.tndiitia  ipi.iliiies.  This  smisi- 
t ivity  t 1 at  te'  ing  w.is  intioduced  du  i i ng  the  t lioht  1 1' s 1. 1 ru.}  uj 
to  eliminate  undesirable  external  load  exc  t t . 1 1 ,i  c.n  ci  eateid  at 
the  start  of  lateral  iiianeuveis. 


FIGURE  41. 

COMPARISON  OF  LATERAL  S LONGITUDINAL  CONTROL 
RESPONSE  WITH  4-AXIS  FINGER/BALL  CONTROLLER 


Figure  42  presents  simulation  da.  a for  typical  lateral 
velocity  response  and  position  hold  maneuvering.  Controller 
input  steps  in  both  directions  are  shown  to  produce  almost 
constant  velocity  response  characteristics  with  the  control 
held  in.  Wien  the  LCCC  deflection  is  removed,  lateral  veloci- 
ty smoothly  returns  to  zero  and  the  position  loops  relock. 

To  assist  the  load  crewman  in  executing  the  shuttle-type 
translational  maneuvers  depicted  in  Figure  42,  the  LCCC  is 
configured  with  a magnetic  brake  which  "locks  in"  any  desired 
lateral  or  longitudinal  control  displacement.  The  brake  is 
locked  and  unlocked  by  successively  depressing  a button  located 
on  top  of  the  controller  stick.  With  the  brake  engaged,  the 
load  crewntan  is  relieved  of  the  requirement  to  maintain  con- 
tinuous push  or  puli  forces  against  the  built-in  controller 
force  gradient. 

2. 1.4. 1.3  Directional  Hover  Hold  and  LCCC  Operation 

Directional  Hover  Hold  cojitrol  laws  retain  all  of  the  low- 
speed  SCAS  loops  described  earlier  except  for  the  pedal 
pickoff.  A yaw  rate  command  path  is  added  for  LCCC  inputs. 

No  PHS  .signals  arc  involved  and  no  heading  beep 

capability  is  required.  Figure  28  illustrates  the  Hover  Hold 

contro''  law  package  defined  at  the  end  of  the  flight  program. 

Stability  - On  the  right  side  of  the  figure,  yaw  rate,  pedal 
compensation,  and  aircraft  heading  feedback.s  are  shown  to  be 
engec'  d for  Hover  Hold  operations.  Only  the  heading  signal 
proce;;.^ j.ng  must  be  modified  in  the  Hover  Hold  mode.  This  is 
accomplished  by  doubling  the  attitude  feedback  gain,  ^nd  by 
halving  the  heading  synchronizer  limit  value  as  shown  in  the 
diagram. 

Control  - r.oad  crewman  inputs  are  introduced  isito  the  coran\and 
loop  by  twisting  Llu'  hiall  on  the  control  lei  stii'k  In  a 
cloc.iwise  or  counterclockwise  direction  with  the  tiiunib  and 
forefinger  of  the  right,  liaml.  Tlie  resultant  angular  rate 
res}50i".,scs  liavc  the  r.ame  sen.''.e  as  tlie  controller,  input,  and 
are  proporti ona  i to  angular  rotation  of  the  ball.  Maximum 
yaw  rate  with  lull  controller  dirgilac-ement  is  on  the  order  of 
9 deg'rees  pm  ;u,>eond. 

Non-.l  incar  directional  f.ccc  headimi  rate  conunands  are  pro- 
ct'sst'd  aimilai  !y  to  t- he  1 on<p  tiui  i n<- 1 and  lateral  inputs.  Since 
tlie  yaw  rate  itinal  does  not  rt'qui  le  drift  clearing,  c.u'.crol- 
ier  :;i(;naL  low-pasr.  filtering  need  not  be  removed  during  tliis 
operation  a.',  it  is  in  the  latc-ral  and  longitudinal  axes. 
CmiLii'ilcr  : .c!'( '.  !c  ) er.  are  detailed  in  .I'ppendix  h. 
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H/AIC  PRECISION  HOVER  ft  LCC  CONTROL  SIMULATION 


When  either  Hover  Holcl/IMU  or  Hover  Hold/PHS  are  tmgaged,  the 
directional  control  laws  maintain  constant  aircraft  heading 
as  long  as  no  controller  inputs  are  made.  If  a heading  change 
is  required  to  reorient  the  aircraft,  the  load  crewman  applies 
a control  deflection  (similar  to  the  type  shown  in  the  simulev- 
tion  time  history,  Figure  43)  and  a constant  yaw  rate  results. 

Since  the  lieiicopter  yaws  abour  its  own  eg,  repeated  lock- 
ing and  unlocking  of  the  PUS  will  accompany  heading  ading 
changes  (because  of  the  displaced  sensor  location  in  the  tail 
of  t-iie  aircraft)  . 'Hie  back  and  forth  reversion  between  PHS 
and  TMU  references  results  in  a tendency  toward  slight  longi- 
tudinal and  lateraJ  eg  drift  during  pure  yaw  maneuvers. 

The  impact  of  the;  drifting  was  hard  to  assess  through  the  i.imited 
yaw  maneuvering  possible,  in  the  flight  evaluation  of  the 
Hover  Hold/PIIS  iik.hIc;,  because  the  aircraft  rapidly  moved  off 
the  painted  target  grid  shortly  after  initiation  of  each  yaw 
run  . Yaw  maneuvering  on  IMU  reference;  while  attempting  to 
hold  horizontal  position  manually,  appeared  to  be  satisfac- 
tory. Details  of  the  flight  evaluation  results,  and  proposed 
soiuti.ons  to  p7:oblems  not  resolved  during  the  program  are 
presented  in  Secti.on  h.O. 

2.1.4. 1.4  Vertical  Hewer  HtJ.ld  and  l.iCCC  Operation 

Verticai.  Ai’CS  Hovei:  Hold  contr'oi  laws  are  summarized  in 
Figure  30.  As  shown  In  tfie  hlcjck  diagram,  the  Hover  Hold 
associated  control  law  meclianizati.on  processes  either  PHS  or 
radar  altiineter  derived  velocity  and  position  feedback  infor- 
mation rc;r  staljility  (afonq  with  tie  normal  acceleration 
signals  'liscussed  earlier),  and  LCCC  commands  for  control. 

Wlion  Hold  oporat.Loms  are  predicatci'*  upon  PHS- 

v^enoraLv''  L.,'oiioaco  .'oi  > uia ! ; : , the  mode  is  referred  to  as  Hover 
Hold/Pllf;.  At  limo.s  when  the  sensor  Is  not  enabled  or  pj.  oduc- 
i ng  valid  signal".,  the  flover  Hold  stal):il  ity  reference  changes 
to  the  t-idar  a 1 f.  i laelnn: . 'This  typo  of  cjptex'ati  on  i.s  called 
Hover  Hold/Radar  in  The  nip’ussiou  that  follows  .jnd  is  analo- 
gous to  flie  long!  iU'l  in<.il  and  lateral  Hover  Hnid/lMli  mode. 

d tabi  1 ity  - Uni  iV.e-  the  I r)iK3  ituctinal  atoi  lateral  Ho'/er  IRnld 
axc.s  whitdi  (orovi.h.'  only  one  positiim  r.tal)ility  mode,  i.e., 

; ilF. : tiio  vtn'tioul  axis  has  two . 'I'hat  Is,  altitude;  can  lie 
maintained  a u i.  ■. -ma  ca  11  y (hands  ciff)  v/ith  eitlier  the  PHS  or 
les:.  ao.onrati-  i.tdai  rert^rouice  in  iU)(; . 

Wliei'i  liovci  I fo  i P .'Rcida  t i .seLecLed,  the  5iame  stability  Ic.iops 
are  cnqin;--!  as  ai-.ed  |f>r  tht;-  Radar  Altitudr'  Hold  mode 

clesoribLsi  in  'R  i rji’:  2 . I . 3 . 4 . kadai  rate  is  ;;miiined  witli 
tlie  u'-i 'o  1 < o'at.  i on  r < edkacl.  , through,  use  of  a o(  .mpl  einenta  cy 

..  II  "!  wo  r^'. , t'  ens'rn-  smi.jfith  w-rtical  iampinij  c..'ha  racte  r is- 
tio:'  ovo!  a w;d.e  x'aivpe  -.f  response  trv'qaonc  i e.'i  . The  r.ame 
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approach  toward  vertical  dampiny  onhancenent  was  adopted  in 
the  Hover  Hold/PHS  mochanizacion  as  shov/n  in  the  figure. 

Controls  - Wiiile  operating  on  PHS  reference,  the  load  crewman 
can  introduce  "beep",  "creep",  or  "leap"  type  LCCC  inputs  to 
move  the  aircraft  vertically.  Beep  inputs  are  made  by 
pulsing  the  controller  stick  vertically  so  as  to  reference 
stabilized  aircraft  altitude.  When  tlie  controller  is  dis- 
placed beyond  its  .04- inch  velocity  threshold  for  more  than 
half  a second,  velocity  responses  are  commanded.  These  are 
initially  refereiiced  to  the  PHS  velocity  signal,  but  revert 
to  radar  rate  when  the  PH.S  unlocks  .nlocks . 

If  the  PHS  has  not  been  enabled,  only  velocity 
responses  can  bo  coiiimanded  with  the  controller.  Radar  rate 
(and  normal  acctrleration)  data  provide  the  feedbacks  for  this 
type  of  maneuver.  Vertical  aircraft  movement  can  be  stopped 
at  any  time  by  removing  the  controller  displacement.  As 
velocity  falls  below  one  foot  per  second,  the  radar  altitude 
loops  ro-engage  and  automatic  altitude  hold  resumes. 

In  addition  to  tlie  Hover  Hold  control  and  stability  functions 
mentioned  above,  there  are  also  integral  backdrivc  command 
paths  incorporated  in  the  vertical  AFCS  to  position  the  cock- 
pit collective  stick.  llie  parallel  di.Lvo  corrauands  are  pro- 
cessed for  all  modes  of  Hover  Hold  operation  providing  trim 
compensation  as  reejuired. 

Details  of  the  Vertical  Hover  Hold  control  laws  are  covered 
next,  s tart iaq  with  an  explanation  of  the  PliS  mode. 

■^.1.4. 1,4.1  Hover  lUsld/PIlH  - Wlicn  tlie  Hover  Ilold/I-'HS  mode  is 
engaged,  the  normal  accelc'rat ion  rrignal  ontei's  the  AFCS  box, 
and  passes  down  and  to  tli<^  lelL  thremgh  a f0-sc;corid  washout 
and  gain  modulo.  Tlio  upper  liorizoutal  acceleration  path  is 
eliminated  duri  ny  Hover  HoJ.d  operations  by  tlie  (l-f  and  NOT 
L-11  and  NO'I  [j-7A)  I ;_'g i c sv/ltch  positicjned  as  shown  in  the 
diagram. 

Subsequent  to  llio  KZIV^l  gain  opei-ation,  the  acceleration  sig- 
nal is  summed  with  the  low-pass- fi 1 Icred  and  coordinate-trans- 
formed PHS  vertical  velocity  feedback,  and  the  result  passed 
through  a t-seconfi  lag.  'ITio  combined  "ctnupleiaentary" 
filtered  velocity  dampiny  signal  provides  a smoothed,  constant 
gain  feedback  wliivh  mi  ni  m i ,:es  thiC  vliffcrences  in  signal 
quality  exhibited  !;>/  the  vertical  accelerometer  and  PHS 
outputs.  Detail  r of  the  complement  a ry  filter  m€,'chanizat  ion 
and  opoj-;at:ii  n aic  -t]  i_,  depti  in  .'^ecticjn  Z. 1.3.4,  and 

in  tlie  Fiyure  11,  ir'‘y,a„-ncy  rc'S}.n,'n.se  Bode  plots. 

Prior  to  summation  with  the  ac'-eforat  ion  sirjnal,  the  PHS 
velocity  feedbacr.  mind:  pairs  t iiro'.«g]i  an  i.-lH  iogic-controil  ed 
switch.  A'.  ! n tlie  oi  ) 1 1 adirta  I .'.nd  lateral  a:<e.s,  the  vertical 


Pli:.'  veloc.itY  siqi-al  can  only  bo  utilised  whon  the  senscjr  is 
enabled,  and  in  a locked  condition  (sec'  the  [''iqure  18  explana- 
tion of  sensor  operation).  Vihen  tiro  sensor  unlocks  due  to  air- 
craft motion  or  some  other  cause,  the  i,-19  switch  throws  and 
velocity  feedback  reverts  to  i.aclar  rate  as  described  earlier. 

Assuming  that  tiro  PHS  velocity  signal  i.s  valid,  and  has  been 
complemented  wi  th  the  high-pas.s  fi  I terori  accelerometer  signals, 
the  combined  hybrid  feedback  xs  Liieri  summed  with  the  LCCC 
velocity  conmiand  patli  output  to  form  an  error  signal.  LCCC 
velocity  commands  are  generated  fhrougli  use  of  a non-linear 
gain  function  (FZLC). 

Exceeding  tire  velocity  threshol>l  with  Idro  con L rol  Ler  produces 
a contirruous  veiocit/  demand  which  is  satisfied  when  the  air- 
craft reaches  the  cc.mnranded  .speed.  At  the  time  the  command 
speed  IS  achieveii,  the  errxjr  summc.T  output  is  zero. 

Following  generati.oir  of  the  "Irybrid  p.reoi.siA'nr  hover  velocity 
error",  the  damping  signal  next  pa.sses  on  into  the  differen- 
tial output  path,  providinej  the  I..~4()  and  1,-11  switches  are 
clo-scd.  L-4<S  loAiic  is  truf;,  and  tire  .switcii  is  closed,  whenever 
the  radar  altimelor  is  capable  of  provi.iing  valid  vertical  rate 
information.  Tills  switch  is  insertuLl  in  the  velocity  damping 
path  Lo  eirsure  a vailalri  iity  of  roliahle  radar  rate  information 
wheirover  the  liovei'  Hold  mode  is  (urgaged.  Witlrout  its  presence, 
IIovoj;  Ilold/^PIIf  opci.atior.  v.'ould  not  be  possible  since  there 
might  not  bo  a radar  rate  signal  available  to  transfer  to  each 
time  the  PHS  unlocked. 

Branched  off  tire  virlocity  error  path  after  t.ho  i.-ll  switch  is 
an  integral  collective  stick  Ivackdrivo  ievrp  controlled  by  L-50 
logic.  Tills  path  x.s  eiKfaged  each  time  vertical  velocity  com- 
mands are  inLr'odui.e.l  ' Lh  tlr<i  LPC  cvrntro  1 1 er , ani,i  it  remains 
operational  as  long  as  tlie  velocity  eexceeds  1 foot  per  sec- 
ond. Tire  purpose  el  tire  loop  is  to  ,ax;vi'.ie  the  additional  trim 
collective  stick  ie<]uired,  any  time  that  fhe  aircraft  riescends 
into  ground  elfect  or  prck.s  u[i  an  external  load. 

As  initially  configured  at  tlie  start  C)f  fli(|ht  l:esting,  the 
liwver  Tied  d volcrcity  backdrive  jrath  was  engage  I fuli  time  to 
compensate  fox'  the  anticipated  rrffects  of  steady  vertical  wind 
gusts,  etc.  'Plris  mechanization  was  similar  to  the  erne  used  in 
both  the  longitudinal  and  lateral  axes.  With,  the  progress  of 
testincj,  liowever,  it  was  determined  tliat  backdrive  i,sCLV2)  gain 
levels  set  for  adequate  LCP  controllability  were,  in  fact,  too 
high  for  good  hands-,  of  f stability.  Accfjrd  i r.gly , the  L-50 
switching  wl.  s i iKj<rr}:.),..rated  to  enei'nizo  the  liac'kdrive  loop  only 
durinj  i-'orifoLs  w.'iOn  Lt’i'C  vel(-.  ity  err 'I'lcmds  were  Leiinr  made. 

dire  prtci.sion  vertical  ijositioir  stability  and  cirirtrol  network 
ofrerate..'  in  concert  with  the  acceleration  and  velocity  loops 


just  described,  and  has  a functional  mechanization  quite 
similar  to  the  one  found  In  the  longitudinal  and  lateral  axes. 
The  constituent  parts  of  the  position  network  include: 

• A position  feedl..ack  path  for  the  incremental  PHS  signal 
which  is  engaged  through  an  L-8C  logic-controlled 
synchronizer 

® A pulsed  beep  conunand  control  path  interfaced  with  the 
position  feedback  loop  (at  the  synchronizer)  to  fo.an  a 
position  error  signal 

• A positif'n  error  backdrive  command  loop  for  trim  com- 
pensation, and 

• A differential  ovitput  path  for  the  processed  position 
signal 

As  shown  in  the  diagram,  the  PHS  position  signal  is  trans- 
formed first  to  the  proper  coordinate  system,  and  is  then 
converted  to  inches  of  equivalent  corrective  stick  by  the  KZIjD 
gain.  The  feedback  is  synchronized  to  zero  output  until  such 
time  as  the  L-8C  "Vertical  PHS  Position  Stabilize"  logic  be- 
comes true.  This  occurs  when  the  vertical  velocity  is  less 
than  1 foot  per  second;  no  velocity  commands  are  being  made 
with  the  LCCC?  and  the  L-8,  L-46,  and  L-20  logic  states  are 
true.  (Appendix  A presents  a complete  suramary  of  all  logic 
network  functions) . 

After  L--8C  changes  to  a true  state,  the  synchronizer  reverts 
to  its  stabilizing  mode  of  operation.  In  this  mode,  position 
feedbacks  are  passed  on  directly.  Also  permitted  are  pulsed 
LCCC  inputs  to  the  synclironizer  which  are  ' integrated  up"  to 
form  a net  error  signal,  and  this  in  turn  is  passed  to  the 
integral  parallel  and  differential  output  paths  mentioned 
above.  The  pulse  magnitude  and  duration  are  selected  to  pro- 
duce approximately  2 inches  of  vertical  motion  for  each 
individual  beep  input. 

During  the  flight  test  evaluation  of  the  vertical  Hover  Hold/ 
PHS  function,  tight  automatic  altitude  hold  characteristics 
were  observed.  In  mildly  gusty  conditions  with  10-k.not  steady 
winds,  the  measured  HMS  variation  in  vertical  position  was  on 
the  order  of  2.r>  inches.  With  winds  gusting  to  20  knots,  the 
vertical  excursion  was  only  slightly  greater  (approximately 
4.3  inches  KMl ) for  a typical  2-iTiinv;ite  test  point.  Additional 
test  results  have  been  analyzed,  and  a suiTimary  of  theue  is 
presented  in  becLi  m 8.0. 


2. 1.4. 1.4. 2 Vertical  Hover  Hold/Radar  - As  indicated  in  the 
introduction  to  this  section  of  the  report.  Hover  Hold/Radar 
stability  functions  are  identical  to  those  employed  with  the 
Altitude  Hold  inode,  and  therefore  need  not  be  discussed  again. 
The  controllability  aspects  of  the  two  modes,  however,  are 
different  in  a number  of  respects,  and  these  differences  are 
reviewed  below. 

\4hen  the  pilot  depresses  the  magnetic  brake  to  move  the  collec- 
tive stick  while  flying  with  Altitude  Hold  selected,  control 
augmentation  reverts  to  the  basic  aircraft  with  the  radar  rate 
(and  acceleration)  stability  feedbacks  disengaged.  Hover  Hold/ 
Radar  operation  differs,  of  course,  since  the  hybrid  accelera- 
tion/rate feedbacks  remain  engaged  wlien  vertical  velocity  com- 
mands are  introduced  by  the  load  crewman.  Note  that  the  ac- 
celeration, rate,  and  radar  altitude  loops  all  remain  opera- 
tional during  LCCC  beeping  maneuvers.  A final  difference 
between  the  two  modes  is  the  use  of  tlie  L-50  controlled  back- 
drive  path  to  provide  additional  collective  control  for  Hover 
Hold  maneuvering.  Tliis  loop  is  not  utilized  in  the  Altitude 
Hold  AFCS  mechanization. 

2. 1.4. 2 Hover  Hold  Design  Analysis  - iCey  Developments 

Parametric  studies  accomplished  in  Task  1,  Part  1,  established 
low  sensitivity  linear  velocity  control  as  the  best  approach 
for  accomplishing  the  hover  mission.  A control  system  was 
synthesized  by  adding  linear  velocity  and  position  feedback 
patlis  (and  control  looj-'S)  to  the  basic  HCAS  mechanization 
whenever  precision  hover  operations  wo:i:o  required. 

Early  in  1972,  an  analytical  study  was  conducted  confiirming 
the  feasibility  of  meeting  design  goals  with  this  type  of 
AFCS  mode.  'Ihc  analysis  .generated  estimates  of  vehiiilc  poi- 
formance  while  operating  under  the  influence  of  atmospheric 
turbulence,  or  over  the  deck  of  a moving  sliip. 

In  November  and  necembe.r  1972,  a nudge  base  fli((ht  simulation 
was  conducted  at  Vertoi  assess  "pilot,  in  the  loop"  handling 
characteristics  witli  the  Hover  Hold  mode  engaged.  Tlie  air- 
craft v;as  flown  with  several  different  hCC  candidates 
installed  in  the  cockpit  for  evaluation.  Both  Vertoi 
and  customer  pilots  (and  engineering  representatives)  parti- 
cipated in  tlie  program.  The  best  controller  ( a four-axis 
fi  ler-ball  configuration)  was  selected  for  continued  develop- 
mt  it  and  later  application  in  the  ,147  flight  research  vehicle 
t(  ;t  program. 

!'i  i.th.'  analytical  refinement  of  precision  Hov'er  Hold  control 
lavs  a;  1 logic  were  pursued  during  the  summer  mruitlis  of  1973 
to  prepare  for  the  Nortlirop  load  ciawman  flight  simulation  in 
DecemL>  • of  that  year.  'Flie  Vertoi  full  envelope  hybrid  simu- 
lation ’ ath  model  was  used  for  this  effort.  The  principal 
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emphasis  in  the  program  Vi'as  placed  upon  modeling  the  dynamic 
characteristics  of  the  Precision  Hover  Sensor  (PHS) , and 
determining  the  effect  of  the  sensor  on  Hover  Hold  performance. 

A synopsis  of  key  Hover  Hold  developments  from  the  three 
analytical  programs  just  described,  and  subsequent  to  Task  1, 
Part  1,  is  presented  next- 

2. 1.4. 2.1  Feasibility  of  a Precision  Hover  System  for  the 
Heavy  Lift  Helicopter 

A comprehensive  theoretical  design  analysis  was  conducted  dur- 
ing the  latter  part  of  Task  1,  Part  1,  and  throughout  the 
first  three  months  of  1972  to  develop  a workable  Hover  Hold 
concept  for  the  HLH.  Data  from  this  analysis  confirmed  the 
feasibility  of  using  high-gain  loop  closures  in  the  AFCS  to 
satisfy  the  tight  position-hold  requirements  of  the  HLH 
hcver  mission. 

Study  results  were  utilized  in  a number  of  areas,  and  were 
summarized  in  Vertol  Document  D301-10128-1 , titled  "A 
Theoretical  Discussion  of  the  Precision  Hover  System  for  the 
Heavy  Lift  Helicopter”  (see  Reference  6) . 

An  early  application  of  this  analysis  involved  the  generation 
of  preliminary  performance  requirement  specifications  for  the 
Precision  Hover  Sensor.  Results  wore  also  used,  as  indicated 
earlier,  in  sxabsequent  Hover  Hold  control  law  optimization 
work. 

Small  perturbation  decoupled  dynamic  equations  were  utilized 
in  the  feasibility  analysis,  and  perfect  sensor  performance 
was  assumed.  Ihe  aircraft  considered  was  a 67,000-pound  HLH 
with  no  external  load.  An  early  approach  toward  establishing 
loop  gains,  time  constants,  etc.,  (in  which  the  feedback  paths 
were  closed  one  at  a time) , was  found  to  be  unsatisfactory 
due  to  the  low  damping  levels  of  the  basic  roots.  Alternative 
solutions  were  developed  in  wlvich  techniques  similar  to  opti- 
mal control  analysis  were  employed  to  close  all  stability 
paths  in  each  control  axis  simultaneously. 

T)ie  stability  x-oot  analysis  performed  with  the  final  gains 
included  in  the  velocity  and  position  loops  typically  re- 
flected critical  damping  ratios  (of  the  least  stable  mode) 
which  were  no  lower  than  C = .f0.  An  example,  of  the  relatively 
high-gain  levels  required  to  meet  the  j_  4.0-inch  hover  hold 
goals,  and  at  tlie  same  time  provide  adequate  damping,  is  given 
in  the  table  below: 


HOVER  HOLD  AXIS 


POSITION  GAIN 


Longitudinal 

I.ateral 


LINEAR  VELOC 1 TY  GAIN 
7.0  Deg  LCP/Et/Sec  13.8  Dog  LCP/Ft 

2.2  In.  Stick/l't/Sec  1.7  In.  SLick/Ft 


With  the  gain  levels  and  ahapxag  Lu.k?  constants  l.efined, 
further  analysis  was  done  to  deterjuine  aircraft  position  hold 
characteristics  in  tnrbvilent  v'ind  f ■ ?nd  i t i one  . A Dryden  tur- 
hulence  spectrum  approach  was  a-isumed  fui:  model J.ng  the  gust. 
Figure  44  summarizes  the  major  i urliulenct'  :itu(ly  results,  and 
demonstrates  the  feasibility  of  meeting  the  hover  objectives 
in  moderate  turbulexices . 

As  shown  in  the  figure,  estimated  lorKp  tudi na I hold  capability 
was  significantly  l)etter  than  lat  -ral  ov;  vertical  performance. 
This  characteristic  is  due  to  a e imb  i. nation  of  low-gust  sensi- 
tivity in  the  longitudinal  axis,  and  eppi ica  t: i,i  m of  direct 
force  control  via  1 onnitud.i.nal  cyclic  pitch.  it  As  interesting 
to  note  that  flight  testin-j  cond'icted  al  tie  cad  oi;  the  ATC 
program  verified  t'ne  jjcedi;.:ted  { -e  r f.  ;rma  acre  superiority  of  the 
longitudinal  Hover  Ho  l d axis  ((r-.ai  i hough  t 'is':  foedi^ack  gains 
had  been  reduced  sulist  antial iy  ! rom  the  pi  i 1 i iio.nary  ones  used 
in  this  study) . 

By  replacing  the  Jin'^ar  /c  l,o<,- i.ty  aii  l ■ i i spl  aoe!,\cnl  ft  edback 
signals  with  ones  reprer-enl  :i  ng  pos  ' i i < ai  and  v'cKicily  tH'ror 
irolative  to  a target  on  a moving  ship  dos-i.;,  the  informavion 
shown  in  Figure  45  was  genera  tod.  ddiis  ojiaii,  addresse:-  tiie 
container  shi  f)  loitding  erui  unl<jddiiig  nixs-sion  loguirement 
spelled  out  earlitir  in  .ticlion  2.].1. 

Ship  mentions  assumed  Isa  tlie  st  utly  w te  i (.nniiici  ed  to  in.; 
sinusoidal  in  nature  and  at  tlio  repin ‘at  at  ' vc  '“reLjueiu:y 
stated.  Sea-stati-  modi- 1 i ng  was  pr'eilieled  uiviii  information 
supplied  by  the  N.jva  I Oceiano  j rapli  i c >(  • ! and  a C3-5-37A 
containership  was  useii  tso  d(.‘t,ine  tlie  c.  imljLned  ship/Mea 
motion  trends  applied  in  tlie  analysis. 
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HELICOPTER-TO-SHIP  TRACKING  CAPA8K  Ur 


2. 1.4. 2. 2 Precision  Hover  Hold  Nudge  Simulation 

T*he  December  1972  simulation  program  conducted  on  the  Vertol 
6-degree-of- freedom  Nudge  Simulator  utilized  a small  per- 
turbation 347  helicopter  airframe  model,  and  a digital 
mechanization  of  the  AFCS.  Program  objectives  were  to; 

• Demonstrate  acceptability  of  the  Precision  Hover  Hold 
control  laws  proposed  by  the  AFCS  block  diagrams  in  the 
design  data  package,  and 

• Support  development  and  selection  of  an  optimized  LCC 
Controller  configuration. 

Both  piloted  and  unpiloted  simulation  studies  were  accom- 
plished to  meet  these  objectives.  The  scope  of  this  activity 
included  minor  modification  of  control  laws  and  logic  to 
improve  Hover  Hold  handling  qualities  with  a "load  crewman" 
pilot  in  the  loop.  Additional  effort  went  into  defining  a 
satisfactory  set  of  nonlinear  velocity  command  stick  sensi- 
tivity schedules  for  the  various  controller  candidates. 

As  a part  of  the  roocKup  LCC  design  review  then 
in  progress  at  Vertol,  customer  representatives  participated 
in  a Precision  Hover  Hold  concept  familiarization  and  an  LCC 
evaluation . 

SIMULATION  PROGRAM  - Pilot  and  engineering  evaluators  "flew" 
a series  of  assigned  tracking  and  maneuvering  tasks  with  each 
of  four  controller  candidates.  The  defined  tasks  were 
designed  to  provide  qualitative  trend  data  and  associated 
pilot  comment  concerning  both  the  Precision  Hover  Hold  mode 
and  controller  being  evaluated. 

Simulation  visual  cues  for  large-scale  maneuvers  were  provided 
by  TV  projections  of  a computer-generated  horizon  and  moun- 
tain scene,  and  by  a landing  pad  on  the  fantai  1 of  a simulated 
ship  at  sea.  Since  the  TV  scene  was  inadequate  for  precise 
hover  maneuvering  over  a target  on  the  ground,  an  oscillo- 
scope with  a tracking  grid  attached  was  employed  to  present 
the  ground  tracking  problem  to  the  pilot. 

Tasks  flown  with  reference  to  the  scope  presentation  typically 
consisted  of  straight  flight , accompanied  by  diagonal  and  turn- 
ing maneuvers  commanded  by  the  controller.  Both  the  veloci- 
ty and  beep  modes  of  controller  operation  were  used  for 
maneuvering  the  aix'craft. 

LCC  CONTROL  - Four  self-contained  LCCC  units  used  in  the 
evaluation  were  built  by  Simulator  Laboratory  personnel. 
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Configurations  tested  iiicluded: 


• A four-axis,  right-hand  fjnger/bail  controller  (Fig.  101) 

• A four-axis,  right-hand  grip  controller  with  a thumb- 
operated  vertical  command  rwi.tcdi  (shown  at  the  bottom 
of  Figure  101) 

(ft  A three-axis,  riglit-haiid  qr.ip  controlJ  er  with  oingle- 
axis  left-hand  vortical  controller 

(ft  A three-axis,  j ight-hanti  finger  controller  with  separate 
left-hand  control  of  vertical  commands. 

The  total  motion  permissible  with  each  test  controller  con- 
figuration (or  type  of  conr,rol  switch  d.nstailed)  is  listed 
in  the  table  below; 


SINGLE- 

AXIS 

'.'ERTICAL 


MOTION 

GKI ! 

LEVER 

LONGITUDINAL 

+2, 7k  in.;iFi 

.>  bog) 

p_F  . Vh 

. i 1-2  h 

Deg  J 

lATEilAL 

4j  . h 1 n . ( j_)  ; 

±2  . 'J'. 

In.  1 1 i 7 

Deg ) 

UIRFCTIONAI. 

1 / 7 1 )i  ‘1 ) . 

Deter. !. 

t'wPi  t(..'ll 

- 

'/LRTICA  I . 

t 1 . n I ! n . 

'i'lmml . 

: '.W  ' 1 : 

.I  . k I n 

Non-lineai  iiCC  t’di.tii  l sonsii  i.'.'.ii''  si  •ni."  !',i  it,  n c.',' J .o;  ti  > those 

iJ  lustratod  in  I'ion  <'■;  Jt-;  cO'C  IF,  iiaii  iieeii  cJu'.w  i (.  uet;  ii_ir  the 

design  data  packai.;*'  oir.ioi:  ^ the  ^!ud'i'■  : ■ imu  ' ati  ( 'O  Tneso 
schedules  were  reiwanMl  liot  fi  t<'i„o.f  o an>i  during  iihi:-  simulation 
to  prcjvide  sat  L.-; f actory  airciait.  restrinse  witii  eacn 
contrcjlier . 

Longitudinal  non.-,  i t ; v i ty  uai.- i at  ii  sn  t'.r  t..,;t.;,  rhe  ' inoet  'l.jull 
and  qrip  conlrs.'l  1 tn.'s  was  fon.nd  to  i e aiiovd.  the  sariie  l:or  be.st 
per fc>rman(,’o  v/.i  t li  appj'ox  imate  I. y F to  F -',  inchies  i .’f  stick 
required  fi'r  ina.--:  j nu.m  Vv.sl.ocity  i.H.mman  i.;  (!  is  il  ijer  sno^ond). 

tateral  se;  isi  I .i  s' ; l /■  ■ si  tlic  '.LliOi  hand  \v'a  ; hrfiioi  t,  i tto  fin- 
ger conti.'o  1 .1  er  tiian  iln  'die  -ii'ip  oon  t i p n.-a  L i on  (L.;-  in.  vvr 

in.  maximum  <.ie  f J ect  i o.n  ■ ne.-aur.o  lo  [.  tdi  tra''(:.'L  Limitations  in 
the  test  i nsta  J la  t i ■ .!!.  ,1.  s.i  i j n > ; ;i  oa: . [,.■  r- li  >.  tua;  r-e  d tic  radat  i on 

was  obser'/ed  to  haro  ror.'iltod  t i‘or>  tho:-o  (,( ,in  i ■ - 1 J «•  r 


differences.  Directional  control  scheduling  with  the  finger 
LCCC  utilized  the  full  range  of  the  test  controller  ( +_  27°) 

to  command  yaw  rates  of  up  to  4.5  degrees  per  second.  This 
schedule  reflected  a control  sensitivity  one- third  lower  than 
had  been  proposed  previously  in  the  design  data  package. 

A substantial  difference  between  design  data  and  the  actual 
system  demonstrated  on  the  simulator  occurred  with  the  verti- 
cal axis.  Pilots  determined  that  vertical  LCCC  sensitivity 
should  be  increased  by  a factor  of  about  two  for  both  the 
finger  and  single-axis  controllers,  decreasing  vertical  travel 
to  .5  and  .75  inches,  respectively.  It  was  also  recommended 
that  maximum  vertical  velocity  should  be  set  at  approximately 
400  feet  per  minute  with  symmetrical  velocity  command  capabili- 
ty in  both  the  up  and  down  directions. 

On  the  basis  of  simulator  evaluation  of  all  four  LCCC  candi- 
dates (used  in  conjunction  with  mockup  controller  design 
review  results),  the  four-axis  fingcr/ball  configuration  was 
chosen  for  continued  development.  Further  comparative  testing 
of  the  finger/l^all  and  grip-type  controllers  was  performed 
during  the  December  1973  Northrop  simulation  under  BOA  #12. 
Results  of  this  program  are  presented  later  in  the  report. 

PRECISION  HOVER  HOLD  CONTROL  LAWS  - 

The  Precision  Hover  Hold  control  laws  demonstrated  during  the 
LCCC  evaluations  reflected  only  minor  modifications  to  the 
pre-simulation  design  data  package  information.  Feedback 
gains,  etc.,  utilized  in  the  simulation  were  selected  pri- 
marily on  the  basis  of  qualitative  pilot  assessments  of 
vehicle  handling  qualities,  rather  than  on  any  exhaustive 
optimization  study  results.  Pre-test  gain  levels  were  found 
to  produce  satisfactory  levels  of  hands-off  vehicle  stability 
as  expected,  but  were  adjusted  downward  in  some  cases  to  pro- 
vide good  control  response  characteristics  for  maneuvering.  A 
summary  of  system  modifications  is  given  below; 

• Longitudinal  IMU  ground  speed  feedback  gain  in  the  basic 
SCAS  (KMGS)  had  to  be  set  to  zero  with  the  Precision 
Hover  velocity  and  position  feedbacks  engaged.  Without 
this  feature,  consistent  velocity  responses  were  not 
possible  and  the  PHS  limiter  bottomed. 

• Longitudinal  and  lateral  position  feedback  gains  were 
reduced  by  2/3  and  1/2,  respectively  (to  3.95  degrees/foot 
and  0.85  inches/foot).  Tlie  use  of  higher  gains  resulted 
in  more  overshoot  in  the  position  response  of  the 
helicopter. 

• Lateral  velocity  error  limiting  (LL3)  was  increased  to 

i 1.5  inches  to  improve  lateral  acceleration  response  to 
LCCC  inputs. 
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• Ixjgic  element  L-8  was  revised  to  include  latching  of  the 
position  hold  loop  in  a synchronization  mode  (with  no 
position  feedback),  when  velocity  was  above  2 feet  per 
second.  Test  results  also  indicated  desirability  of 
synchronizing  individual  position  loops  (rather  than  all 
at  the  same  t ime ) , when  the  controller  was  deflected 
beyond  the  velocity  threshold  in  any  axis.  Pilots  found 
that  simultaneous  synchronization  of  all  position  loops, 
while  the  controller  was  commanding  velocity  response  in 
only  one  axis,  created  an  unnecessary  increase  in 
work  load. 

2. 1.4. 2. 3 Effect  of  the  Precision  Hover  Sensor  on  Hover 
Hold  Control  Laws 

Throughout  the  summer  and  fall  of  1973,  both  analytical  and 
unpiloted  hybrid  simulation  studies  were  carried  out  at  Vertol 
to  prepare  for  the  upcoming  load  crewman  simulation  in  Cali- 
fornia. The  major  emphasis  of  this  pre-Nort.hrop  work  was 
focused  on  the  Precision  Hover  Sensor,  and  its  relationship  to 
Hover  Hold  control  law  requirements.  A stability  root  analysis 
was  also  performed  to  refine  feedback  gains,  etc.,  for  the  Hover 
Hold/IMU  and  PHS  modes. 

STABILITY  ANALYSIS  - Examples  of  the  stability  analysis 
results  from  the  Hover  Hold  studies  are  presented  in  Figures 
46,  47,  and  48.  Illustrated  on  these  plots  are  the  stability 
roots  of  the  basic  combined  airf rame/AFCS  response  modes,  as 
affected  by  variations  in  Hover  Hold  velocity  and  position 
feedback  gain  level. 

Figure  46  shov/s  the  complex  root  migration  of  the  dominant 
longitudinal/vertical  response  modes  resulting  from  changes  in 
only  the  longitudinal  position  feedback  gain  (KXLD) . Decreas- 
ing this  gain  improves  damping  and  reduces  response  frequency 
for  the  short  period  mode  (illustrated  in  the  uppermost  right- 
hand  set  of  roots) . The  effect  of  gain  variation  on  other 
modes  is  shown  to  have  only  a small  influence  on  damping  but 
does  change  the  damped  frequency  somewhat.  These  theoretical 
roots  are  based  upon  analysis  work  which  utilized  the  nominal 
AFCS  parameters  listed  at  the  top  of  the  plot.  Most  of  the 
gains  and  Lime  constants  were  revised  later  during  the  Northrop 
simulation  and  final  flight  test  evaluation. 

In  order  to  relate  the  final  flight  configuration  and  the  one 
used  in  the  analysis,  rough  estimates  of  stability  root  place- 
ment were  made  with  the  final  flight  test  gain  settings  applied. 
These  roots  are  annotated  on  the  plot  with  the  star  symbol. 

Figure  47  illustrates  the  effect  of  varying  lateral  velocity 
gain  on  the  lateral/directional  modes.  Again,  as  in  the  pre- 
vious figure,  only  one  Hover  Hold  feedback  parameter  (lateral 
velocity)  is  changed  to  move  the  stability  roots.  When  ground- 
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speed  gain  is  increased,  damping  of  both  the  short  and  long 
period  lateral  modes  improves  for  a while,  but  then  begins  to 
decrease  sharply  (for  the  long  period  mode)  with  further 
gain  elevation. 

'The  plot  clearly  illustrates  the  complexity  involved  in 
attempting  to  select  a final  system  gain  level,  based  on  an 
analytical  approach  which  varies  only  one  parameter  at  a time. 
This  problem  was  also  identified  in  early  phases  of  the  1972 
Hover  Hold  feasibility  study  discussed  earlier.  Note  that 
although  only  single  parameter  gain  variations  are  depicted  in 
Figures  46  and  47,  additional  analysis  was  accomplished  for 
all  Hover  Hold  axes  to  determine  trends  resulting  from  changing 
both  velocity  and  position  gains  simultaneously. 

Figure  48  presents  a typical  set  of  Hover  Hold-associated 
roots  wherein  both  velocity  and  position  gain  levels  are 
varied  together.  The  plot  depicts  the  longitudinal/vertical 
mode  again,  but  in  this  case,  the  roots  are  responding  to 
vertical- axis  climb  rate  and  altitude  feedback  gain  changes. 

As  shown  in  the  figure,  the  short  period  vertical  mode  ref] ects 
an  increase  in  both  damping  and  frequency  when  velocity  gain 
is  increased.  Raising  the  position  gain,  on  the  other  hand, 
reduces  vertical  damping  appreciably,  especially  when  lower 
velocity  gains  are  being  used. 

PHS  AND  DRIFT  CLEAR  MODELING  - In  preparing  for  the 
Hover  Hold  flight  simulation  at  Northrop,  substantial  effort 
went  into  modeling  the  PUS  for  analysis.  Senso’"  lock- 
ing, unlocking,  and  relock  characteristics  werj  considered, 
along  with  the  drift  clear  and  IMU/PHS  velocity  switchover 
features  covered  earlier  in  Section  2. 1.4.]. 1.1. 

Using  the  gains  determined  in  the  Root  Analysis  described 
above  as  a starting  point,  helicopter  response  to  LCCC  inputs 
(with  sensor  effects  included)  were  explored  on  the  hybrid 
full  envelope  simulation  model.  O'.o  of  the  LCCC  units  used 
on  the  earlier  Hover  Hold  Nudge  simulation  was  hooked  up  in 
the  hybrid  lab  to  introduce  load  crewman  controller  pulses 
and  steps  into  the  model.  Coripiete  cockpit  control  back 
drives  were  also  simulated  for  the  first  time. 

Data  from  the  hybrid  analysis  confirmed  that  PHS  sensor  lock- 
ing and  unlocking  characteristics  would  not  degrade  Hover  Hold 
performance  appreciably  when  compared  with  continuous  sensor 
results.  Several  changes  were  required,  however,  in  other 
aspects  of  the  Hover  Hold  mechanization  to  achieve  ti.e  desired 
performance  potential  of  this  selectable  AFCS  mode.  Tnese 
included ; 
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• The  need  for  taackdriving  the  primary  controls  in  the 
longitudinal  and  lateral  axes  with  a position  error 
sicmal  in  addition  to  the  velocity  error.  This  change 
tends  to  continuously  drive  the  long-term  position  error 
toward  zero. 

© Tlie  necessity  to  add  0.5-second  time  delays  to  the  LCC 
velocity  control  threshold  discretes  input  to  L-8  logic. 
These  delays  were  incorporated  in  order  to  clearly  dif- 
ferentiate between  position  beep  and  velocity  commands, 
and  to  make  aircraft  response  to  precision  position  com- 
mands predictable. 

0 The  requirement  to  modify  IMU  to  PHS  velocity  switching 
networks  to  eliminate  undesirable  transients  as  described 
in  Figure  36. 
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2.1.5  LOAD  STADILI/.ATION  SYSTEM 


2. 1.5.1  Requirements  and  Objectives 

The  Load  Stabilization  System  (LSS)  is  a selectable?  mode  of 
the  AFCS  which  is  designed  to  aid  the  pilot  and  ICC  in  hand- 
ling an  external  load.  The  LSS,  in  conjunction  with  the 
hover  hold  and  PHS  modes,  should  allow  rapid  and  much  easier 
load  attacliment,  pickup,  shuttling,  and  positioning.  Lightly 
damped  load  pendulum  modes  would  cause  two  significant  prob- 
lems relative  to  the  HLH  mission.  First,  the  task  of  placing 
the  load  accurately  would  be  difficult  and  time  consuming, 
as  load  oscillations  created  by  aircraft  maneuvering  or  turb- 
ulence require  an  exceptionally  long  time  to  decay.  Second, 
sustained  low-frcquency  longitudinal  accelerations  in  the 
lifting  helicopter  duo  to  load  motion,  particularly  with  a 
lieavy  load,  are  disorienting  and  fatiguing  to  the  pilot  and 
can  lead  to  pilot-in-tho-loop  oscillations  during  instrument 
flight. 

The  LSS  has  three  sub-modes  to  accomplish  its  function; 
aircraft/load  centering,  load  damping,  and  load  position 
hold.  The  system  switches  between  these  modes  automatically 
when  the  appropriate  conditions  are  present  with  the  LSS 
selected. 

2. 1.5. 1.1  Aircraft/Load  Centering 

The  requirement  of  the  aircraft/load  centering  mode  is  to 
center  the  aircraft  over  the  load  automatically  prior  to  load 
pickup  to  prevent  load  swing  as  it  is  lifted  off.  Although 
the  cable  tensions  produce  an  inherent  centering  force  on  the 
aircraft,  the  PHS  would  prohibit  the  aircraft  from  moving. 

The  LSS  is  designed  to  command  the  PHS  to  pro''^ide  a well- 
controlled  and  precise  centering.  After  the  cables  are 
attached  and  the  LSS  is  selected,  the  system  makes  and  keeps 
the  cables  taut  while  automatically  centering  the  aircraft 
over  the  load  longitudinally,  laterally,  and  directionally. 
The  tension  must  be  kept  large  enough  to  keep  the  cables 
straight  for  accurate  cable  angle  measurement,  but  small 
enough  to  avoid  dragging  the  load  before  the  aircraft  is 
centered  over  it.  The  system  continues  to  maintain  the  air- 
craft position  over  the  load  as  the  LCC  increases  tension  to 
lift  the  load  off. 
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The  specif  ic  obicu'Liv*'  ol  Lliis  luotle  is  l:c  ] imit  any  J.oari 
swing  during  lit  toff  to  Ic.ss  tlian  +^4  in<;ho;;  her. i zcjnt  ally 
and  +2  degrees  dirtn-tional  1 y. 

2. 1.5. 1.2  Load  Damping 

Th  ■'  requireinent  of  tlio  load  dampinf;  mode  is  to  provide  a high 
degree  of  load  penciular  mode  damping  to  allow  the  precise 
load  position  tiold  and  placement  that  is  required.  The  load 
damping  mode  switches  on  automatical Iv  wlien  the  load  leaves 
the  ground  (or  ship) . The  specific  objective  is  to  maintain 
the  following  levels  of  pendular  mode  damping. 

• 20  percent  or  greater  for  longitudinal  and  lateral 
modes  with  hover  hold  or  PHS  on. 

o 15  percent  or  greater  for  longitudinal  and  lateral 
modes  with  basic  SCAS  in  hover  and  forward  flight. 

• 15  percent  or  greater  directionally. 

These  damping  level.s  are  well  above  the  M1L~H-8501A  IFR  min- 
imum requirements  of  5.5  percent  for  a period  greater  than 
5 seconds  and  11  percent  for  a period  less  than  5 se^conds. 

2. 1.5. 1.3  Load  Position  Hold 

The  requirement  of  tlio  position  hold  luode  is  to  automatically 
maintain  a constant  load  position  relative  to  the  ground 
(or  ship)  when  the  load  is  airborne  and  the  PHS  is  on.  This 
mode  switches  or.  automatically  when  tlio  load  becomes  airborne, 
and  off  when  the  aircrait  leaves  hover,  i.c?,,  when  the  PUS 
switches  off.  When  the-  I,CC  or  pilot  repositions  the  load, 
the  LSS  will  maintain  the  new  load  position.  The  LCC  can 
switch  the  load  position  hold  mode  off  if  it  is  desirable  to 
hold  the  aircraft  position,  rather  than  load  position. 

The  specific  objective  is  to  maintain  the  load  center-of- 
gravity  such  that  placement  accuracy  is  within  ^4  inches 
horizontally  and  vertically,  and  +^2  degrees  directionally 
relative  to  the  ground. 
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2, 1.5. 2 System  Synthesis 


The  LSS  is  designed  to  have  a minimum  impact  on  the  structure 
of  the  other  AFCS  loops.  Simplex  signals  are  supplied  to  the 
LSS  loops  from  each  cargo  hook.  These  signals  are  measurements 
of  longitudinal  and  lateral  cable  angles  relative  to  the  air- 
craft and  cable  tensions.  Several  simplifications  were  made 
for  tlie  ATC  demonstration  system  since  some  aspects  of  the 
system  were  considered  unnecessary  for  the  demonstration 
program.  The  control  loop  synthesis,  including  simplifica- 
tions, is  discussed  in  the  following  sections. 

2. 1.5. 2.1  Aircraft/Load  Centering 

The  aircraft  position  change  required  to  center  it  over  the 
load  is  calculated  from  the  cable  tensions,  cable  angles 
relative  to  the  aircraft,  and  the  aircraft  pitch  and  roll 
attitudes.  These  signals  then  command  the  aircraft,  via 
the  PHS  and  heading  stabilization  loops,  to  move  the  approp- 
riate distance.  The  structure  of  these  loops  and  their 
interface  with  ttio  AFCS  are  shown  in  Figures  14,  23,  28  , and  30. 

The  equations  used  to  describe  the  aircraft’s  position  relative 
to  the  vertical  over  the  load  are: 
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Refor  to  Figure  49  for  a definition  ol  the  cable  angles 
relative  to  the  aircraft.  When  Xl(_’ ■ p and  ipfLc  ^re  driven 

to  zero,  the  total  tension  force  on  the  load  is  approximately 
aligned  witli  the  gravity  vector  with  zero  directional  moment. 
These  terms  replace  the  normal  PHS  position  and  heading  terms 
to  accomplish  the  centering  function.  A transient-free  switch 
is  used  to  switch  the  load-centering  terms  in  and  out.  The 
switcli  provides  a centering  rate  equal  to  its  decay  rate, 
i.e.,  a decay  rate  of  1 fps  produces  a steady-state  aircraft 
velocity  of  i fps  as  it  moves  ever  the  load.  The  PHS  position 
and  heading  terms  are  removed  with  a track-store-synchronizer 
element  so  there  is  no  transient  when  the  centering  mode 
switches  in  and  out. 

The  design  includes  a velocity  term  in  the  longitudinal  and 
lateral  axes  to  cancel  the  PHS  velocity  term.  While  no 
frequency  shaping  is  required  in  the  longitudinal  and  direc- 
tional axes,  a 1.67-second  time-constant  lag  is  required  on 
the  lateral  position  term.  The  velocity  term  gains  are  0.5 
that  of  the  PUS  velocity  loops  and  the  centering  rates  are 
sot  at  1 fps  and  2 degren-js/socond . (The  centering  velocity 

terms  were  removed  during  the  system  flight  test  devcjlopment 
as  discussed  in  the  flight  test  section  of  this  report.) 

The  load  centering  loops  assume  that  the  cal)lo  angles  read 
zero  when  the  cables  are  parallel  to  tlie  aircraft  vertical 
axis.  With  50-foot  cables,  a 0.1  degree  null  error  would 
cause  the  aircraft  to  be  centered  incorrectly  by  1.1  inch. 

Bias  terms  may  be  required  in  the  software  to  accomplish 
the  required  null. 

The  centering  mode  has  loops  in  the  vertical  and  longitudinal 
axes  to  make  and  keep  the  tension  in  both  cables  constant 
at  a value  approximately  equal  to  one-fourth  of  the  load  weight. 
Since  the  anticipated  ATC  demonstration  load  weight  is  in  tlie 
order  of  5000  pounds,  the  vertical  axis  is  set  to  drive  the 
sum  of  the  tensions  to  2400  pounds.  This  is  accomplished  with 
proportional-plus-integral  control  into  the  collective  pitch 
control,  as  shown  in  Figure?  14  Die  equation  for  this  loop  is 

6^  ' -(5  X 10’^  + 2.5  X '240(^  (4) 
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FIGURE  49. 

LOAD  GEOMETRY  AND  CABLE  ANGLE  DEFINITION 
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A t ensi  on  oqua  I i /at j on  loop  i.':;  incorporated  which  drives  the 
1 onqiti.ciinal  cyclic  to  maintain  the  forward  and  aft  tensions 
equal , 


The  cyclic  v^iriatitjns  ctiange  the  aircraft  crim  pitch  attitude 
to  equalize  tlu-  tensions.  The  equation  for  this  loop  is 

-4 

li  - B = "3  X 10  (T  - T ) (5) 

ICF  ICR  F R 

Tlie  loop  is  introduced  by  a track-store-i'cset  element  which 
is  controJ.led  as  follows: 

• Track  wlien  load-centering  mode  is  on. 

• Reset  to  zero  when  load  becomes  airborne;, 
e Store  otherwise. 

On  tile;  HLH  the  winch  mechanism  could  be  used  to  equalize 
tensions.  Some  approximations  and  limitations  associated 
with  the  aircraf t/load-ccntcring  mode,  as  demonstrated  in  the 
ATC  program,  should  b<'  mentioned. 

• Small  angle  approximations  are  used  in  the  centering 
equations.  This  is  a valid  approximation  since  the 
cable  angles  v/ill  be  reasonably  small  wlien  the  aircraft 
is  centered. 

• The  system  is  not  designed  for  LCC  augmenting  override 
during  the  centering  maneuver. 

© Small  switching  transients  can  occur  since  transient- 

free  sv;itches  are  not  used  in  tlio  tension  control  loops. 

i’.l.'3.2.2  Load  Damping 

Tlie  load  damping  loops  use  the  cable  angle  and  aircraft  pitch 
and  roll  attitude  signals  to  modulate  the  longitudinal  cyclic, 
lateral  cyclic,  and  differential  lateral  cyclic  AFCS 
control  outputs.  '!ho  aircraft  is  maneuvered  by  tliese  loops 
to  keep  tlie  load  hooks  over  the  load,  i.e.,  keep  the  cables 
aligned  witli  tlie  gravity  vector.  Block  diagrams  of  these 
loops  are  shown  in  Figures  14,  23,  and  2B.  A vertical  load 
damping  loop  is  not  required  since  the  load  )ias  no  significant 
vortical  mode. 
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The  following  reliitionships  are  used  to  form  cable  angles 
relative  to  the  gravity  vector  from  the  cable  angles  relative 
to  the  aircraft. 
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These  cable  angles  are  ased  in  the  damping  loops.  The  4)  term 
is  removed  for  the  lateral  axis  wlien  the  hover  hold  mode  is 
off  to  reduce  switching  transients  which  are  discussed  later. 
The  cable  angles  provide  good  load  damping  eliminating  the  need 
for  cable  angular  rate  feedback.  The  gain  and  frequency  shap- 
ing required  to  give  the  desired  load  and  aircraft  damping  are 
applied  to  these  signals.  A 10-second  washout  is  incorporated 
to  remove  cable  angle  trim  values  associated  with  forward 
flight,  lateral  flight,  and  steady  winds.  A washout  is  not 
required  in  the  directional  axis  since  the  trim  bifilar  angle 
will  remain  reasonably  small. 

The  load  damping  loops  are  very  dependent  upon  the  AFCS  mode 
that  is  being  used.  No  single  load  damping  configuration 
could  be  found  which  would  provide  good  damping  regardless  of 
whether  the  hover  hold  and  PHS  modes  are  on  or  off.  Con- 
sequently, the  system  is  designed  to  switch  automatically 
between  appropriate  damping  loops  when  these  modes  switch 
on  and  off.  The  K^caI  ^YCAl  loops  are  used  with  the 

basic  SCAS,  while  the  and  loops  are  used  when  the 

PHS  is  on.  For  the  lateral  axis,  an  additional  loop,  Kyca2/ 
is  required  when  the  hover  hold  velocity  loop  is  applied  with- 
out the  PHS  position  term.  Transient-free  switches  are 
required  to  prevent  excessive  aircraft/load  excitation  when 
switching  between  these  damping  loops  in  a transient  state. 

The  loops  that  apply  for  the  SCAS  in  hover  are  also  used  to 
deimp  the  load  in  forward  flight. 
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The  c\u'rcnt  HLH  cargo  handling  design  uses  an  inverted-V 
suspension  for  forward  flight  which  greatly  reduces  direct- 
ional load  motion  and  eliminates  unsteady  aerodynamic  stability 
problems.  If  pendant  cables  are  used  instead  for  foirward 
flight,  another  directional  load  damping  loop  may  be  required. 

2. 1.5. 2. 3 Load  Position  Hold 


Tlio  load  position  c'lnd  licading  change  relative  to  the  ground 
is  calculated  from  the  cable  angles  relative  to  the  aircraft, 
aircraft  attitudes  and  heading,  and  aircraft  position  relative 
to  the  ground.  Those  signals  command  the  aircraft,  via  the 
PUS  and  heading  stabilization  loops,  to  maintain  the  load 
center-of-gravity  and  heading  constant  over  the  ground.  Refer 
to  Figures  14,  23,  and  28  for  the  detailed  block  diagrams  of  the 
load  position  hold  loops.  No  vortical  loop,  beyond  the  PHS 
loops,  is  required  since  the  load's  vertical  position  relative 
to  the  aircraft  will  remain  essentially  constant.  The  load 
deunping  mode  remains  on  to  provide  good  load  damping  while 
the  load  position  hold  mode  is  on. 


The  following  equations  determine  the  load  position  relative 
to  the  ground. 
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Lag-lead  frequency  shaping  is  applied  to  '^LPIL 

4^  LPH  to  maintain  a high  level  of  load  dampiAg.  Then  these 
signals  are  summed  with  the  PHS  position  and  aircraft  heading 
signals  to  form  Xlqad,  '^lOAD'  LOAD.  Pseudo  velocity 

terms  are  formed  by  applying  a washout  to  the  position  terms 
to  cancel  the  PHS  velocity  feedback  and  provide  phase  advance. 
The  final  load  position  hold  configuration  is  simplified  by 
combining  the  position  and  velocity  terms  using  an  equivalent 
second-order  filter  as  seen  in  Figures  14  and  23.  This  is 
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easily  done  since  the'  PIIS  position  and  velocity  loops  have  the 
same  transfer  function  apart  from  gain.  The  continuous  system 
frequency  response  of  the  longitudinal  and  lateral  filters  is 
shown  in  Figure  50.  The  steady-state  gain  is  unity  to  provide 
the  correct  load  position  signal. 

A synchronizing  element  is  used  to  switch  the  load  position 
hold  loop  into  the  system.  The  loop  is  synchronized  to  a 
zero  output  value  while  it  is  not  required.  The  synchroniza- 
tion stops  when  the  loop  is  switched  in  so  that  subsequent 
changes  in  load  position  are  seen  by  the  system.  Thus,  the 
system  attempts  to  hold  the  load  at  its  position  when  the 
mode  is  switched  on. 

The  load  position  hold  loops  move  the  aircraft  in  the  opposite 
direction  from  which  the  load  swings  in  order  to  bring  the 
load  back  to  its  initial  position.  Since  the  aircraft  needs 
to  move  in  the  direction  of  the  load  swing  to  damp  it,  there 
is  a conflict  between  load  damping  and  position  hold.  Con- 
sequently, the  position  hold  loops  are  frequency  shaped,  as 
described  above,  to  reduce  the  gain  substantially  at  the 
load  frequency  while  maintaining  the  gain  es  near  unity  as 
possible  at  lower  frequencies.  This  is  seen  in  Figure  50, 
knowing  the  longitudinal  and  lateral  load  frequencies  are  in 
the  order  of  1 rad/scc.  It  can  also  be  seen  that  a substan- 
tial phase  advance  is  obtained  at  th.e  load  frequency.  The 
system  should  be  effective  in  holding  load  position  in  wind 
shifts  and  gusts  whose  frequencies  are  less  than  the  load 
frequency. 

There  are  several  approximations  and  limitations  associated 
with  the  load  position  hold  loops  as  configured  for  the  ATC 
demonstration. 

• Small  angle  approximations  are  used  in  determining  the 
load  position  relative  to  the  aircraft.  This  is  valid 
since  the  angle  changes  should  he  small  while  the  load 
position  hold  mode  is  on. 

• The  load  position  equations  are  incorrect  for  spot 
turns  in  a steady  wind. 
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LOOP  SHAPING 
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• The  load  position  hold  switchoff  is  not  transient-free 
when  the  PHS  loops  remain  on. 

• There  is  no  automatic  load  position  hold  mode  inhibit  if 
the  load  is  swinging  with  a large  amplitude  when  the 
PHS  switches  on. 

2. 1.5. 2. 4 Logic 

The  LSS  logic  (L27)  is  designed  to  switch  the  LSS  submodes 
in  and  out  of  the  AFCS  when  the  proper  conditions  are  present. 
This  logic  (Figure  51)  is  implemented  in  the  lOPs  and  receives/ 
sends  discretes  to  the  computers. 

The  cable  tension  control  discrete  (L27D)  becomes  true  when 
the  LSS  is  selected  if  the  load  is  sitting  on  the  ground  and 
the  hover  hold  mode  is  engaged.  Tlie  load  is  determined  to 
be  on  the  ground  if  the  total  tension  is  less  than  75  percent  of 
the  load  weight.  This  discrete  switches  the  tension  control 
loop  into  the  AFCS  vertical  axis.  In  addition,  the  altitude 
hold  loop  is  synchronized  allowing  the  aircraft  to  climb  to 
make  the  cables  taut.  The  tension  control  stops  when  the 
pilot  depresses  the  collective  magnetic  brake  to  start  lift- 
ing the  load  off  the  ground.  The  tension  control  will  not 
switch  on  if  the  aircraft  is  centered  over  the  load,  and 
remains  centered,  when  the  load  is  set  down. 

The  tension  equalization  discrete  {L27E)  becomes  true  when 
the  tension  control  loop  is  operating  and  one  of  the  cables 
becomes  taut,  i.e.,  when  the  largest  tension  becomes  greater 
than  800  pounds.  This  switches  the  tension  equalization  loop 
into  the  AFCS  longitudinal  axis.  When  the  load  is  leaving 
the  ground,  L27F  becomes  true,  resetting  the  loop  to  avoid 
interference  with  hover  hold. 

The  load-centering  discrete  (L27C)  becomes  true  when  all  of 
the  following  conditions  are  present. 

• LSS  is  selected. 

• Load  is  on  the  ground. 

• Longitudinal  and  lateral  PHS  position  loops  are 
engaged. 
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neURE  51.  LOAD  STABILIZATION  STSTEM  LOGIC 


# 


• Heading  is  l)oing  st-ibiiized. 

• Both  cables  have  become  taut,  i.e.,  the  least  tension  is 

800  pounds. 

Both  cables  must  be  straight  in  order  to  provide  correct  cable 
angle  measurements  for  the  centering  loops.  The  load-centering 
loops  are  switched  into  the  AFCS  longitudinal,  lateral,  and 
directional  axes  when  I,27C  becomes  true.  The  aircraft  is 
centered  within  tolerance;  E2  becomes  true  when  all  of  the 
following  arc  true. 


• 

Both  cables 

• 

1 ^LC 1 ^ ^ 

in. 

• 

1 Y |<  2 

in. 

' LC' 

• 

deg 

The  LCC  or  pilot  can  lift  the  load  off  before  E2  becomes  true. 
The  load  centering  mode  is  switched  off,  L27C  becomes  false, 
as  the  load  is  leaving  the  ground.  As  the  aircraft  moves  over 
the  load,  a small  pitch  attitude  change  occurs  which  can  cause 
the  smallest  tension  to  drop  below  800  pounds  for  a short 
period  of  time.  Consequently,  a lag  and  hysteresis  are 
incorporated  in  the  smallest  tension  discrete  as  illustrated 
in  Figure  52. 

The  load  damping  discrete  (L27A)  becomes  true  when  the  AFCS 
is  engaged  with  the  LSS  selected  and  the  load  is  airborne. 
Actually,  the  discrete  becomes  true  before  the  load  is  air- 
borne when  the  total  tension  becomes  greater  than  75  percent 
of  load  weight.  The  load  damping  loops  are  switched  into  the 
system  when  L27A  is  true.  Additional  logic  is  included  to 
allow  rapid  descent  entries  without  switching  the  load  daunp- 
ing  mode  off.  This  logic  keeps  the  load  damping  operating 
during  descent  entries  if  the  aircraft  is  greater  than  200 
feet  above  the  ground  and  the  largest  tension  remains  greater 
than  800  pounds.  This  still  allows  the  damping  mode  to 
switch  off  if  the  load  is  set  down  or  if  the  load  is  released 
while  it  is  airborne. 
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The  load  position  hold  discrete  (L27B)  becomes  true  when 
the  following  conditions  exist. 

• LSS  and  hold  position  hold  are  selected. 

• PHS  position  loops  are  engaged. 

• Heading  is  being  stabilized. 

• Load  is  airborne  (or  nearly  airborne) . 

The  load  position  hold  loops  are  switched  into  the  system  when 
L27B  is  true.  It  should  be  noted  that  the  load  damping  loops 
will  always  be  operating  when  the  load  position  hold  mode  is 
engaged . 

In  addition  to  the  lOP  logic  described  above,  there  is  soft- 
ware logic  which  switches  to  the  proper  load  damping  loop  as 
the  hover  hold/PHS  loops  switch  in  and  out. 

There  are  several  limitations  in  the  logic  as  synthesized 
for  the  ATC  demonstration  program. 

• There  is  no  automatic  method  of  detecting  when  the  load 
has  become  airborne.  Consequently,  the  tensions  are 
compared  to  the  approximate  load  weight  to  form  this 
discrete.  LCC  override  of  this  logic  would  be  desirable 
for  an  operational  system. 

• The  800-pound  tension  threshold  levels  do  not  change 
automatically  with  load  weight. 

• There  is  no  automatic  switchoff  and  inhibit  of  the 
cable  tension  control  loop  if  the  cables  are  released. 

• There  are  no  lights  to  tell  the  pilot  or  LCC  which  LSS 
submode  is  operating  or  when  the  aircraft  has  been 
centered  over  the  load  within  tolerance. 
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2. 1.5. 3 System  Design  Analysis 
2. 1.5. 3.1  Analytical  Models 

Three  analytical  models  were  used  to  set  the  LSS  pareuneter 
values  and  analyze  the  LSS  performance;  root  locus.  Continu- 
ous System  Modeling  I'rogram  {CSMP)  , and  total  force  simulation. 
The  load  pendulum  motion  equations,  LSS  loops,  and  LSS  logic 
were  incorporated  in  each  model,  as  appropriate.  The  root 
locus  model  uses  a deiivativf  representation  of  the  aircraft 
to  provide  the  system  eigenv.i  1 ues . The  CSMP  model,  which  also 
has  a derivative  aircraft  repr<isentation , produces  transient 
responses.  Logic  and  switching  can  be  analyzed  to  some  extent 
using  this  model.  i'lio  total  force  simulation  is  used  to 
evaluate  system  performance'  liuring  large  perturbation  maneuvers 
and  disturbances.  it  also  allows  a more  thorough  check  of 
system  logic,  interfacing  with  the  other  AFCS  modes,  and 
switching  performance.  Most  physical  aspects  of  the  load, 
cables,  and  sensors  are  included  in  the  models.  The  effect 
of  cable  stiffness  on  tension  control,  cable  angle  sensor 
hysteresis,  and  aerodynamic  forces  are  included. 

Each  model  was  checked  out  and  good  agreement  was  found  between 
tlie  three  models. 

The  following  configuration  and  pareimeter  variations  were 
evaluated  in  the  system  analysis. 

• Load;  8-  x 8-  x 20-ft  MILVAN  with  weights  of  5000,  8000, 
and  10,000  pounds. 

• Cable  configurations:  long  pendants  and  inverted  VEE. 

• Cable  lengths;  20  and  50  feet. 

• Vertical  distance  between  aircraft  center  of  gravity 

and  load  hook  : 4,  b,  8,  and  10  feet. 

• Cable  stiffness:  10,000,  20,000,  and  50,000  Ib/in. 

• Hover  with  Hover  Hold  on  and  off,  PHS  on  and  off,  and 
heading  stabilized  and  synchronized. 
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• 60-  and  90-knot  forward  fliqht. 

• All  LSS  modes. 

• Variations  in  key  LSS/AFCS  parameters. 

Tlie  following  nominal  configuration  was  used  for  the  major 
part  of  the  analysis. 

• Load  Weight:  5000  pounds 

• Cable  Configuration:  50-foot  pendants. 

• Vertical  distance  between  aircraft  center  of  gravity 
and  load  hook:  8 feet 

• Cable  Stiffness:  10,000  pounds/inch 

Several  characteristics  are  not  contained  in  the  analytical 
models.  Cable  angle  bow  due  to  wind  drag  is  not  included, 
i.e.,  the  cables  are  assumed  to  be  perfectly  straight, 
regardless  of  wind  and  rotor  downwash  conditions.  Since 
the  LSS  has  to  determine  the  load's  position  using  the  load 
hook  angle,  cable  bow  will  produce  an  incorrect  measurement 
of  load  position.  Figure  53  shows  this  load  position  error 
as  a function  of  wind  strength  and  load  weight.  This  indicates 
that  the  effect  of  cable  bov;  can  be  significant,  but  should 
not  exceed  the  position  hold  and  centering  objective  level  for 
the  nominal  load  weight  and  cable  length.  With  the  exception 
of  hysteresis,  perfect  signal  quality  is  assumed  in  the 
analytical  models.  Signal  quality  is  not  anticipated  to  pre- 
sent a problem.  The  second -order  analog  filters  at  60  rps, 
in  combination  with  the  short  computer  frame  time  (0.01 
seconds) , should  provide  good  signal  quality.  Gusts,  rotor 
downwash,  and  ground  effect  are  not  included  in  the  models. 
However,  the  responses  to  wind  reunps  and  sine  waves  at  various 
frequencies  and  magnitudes  were  evaluated. 
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2.1.5. 3.2  Root  Locus  Studies 


The  root  locus  model  was  used  to  study  the  load  and  aircraft 
stability  as  a function  of  load  configuration  and  control 
system  parameters.  All  LSS/AFCS  modes  and  their  inter- 
relationsliip  were  studied.  The  basic  LSS  configuration  design 
and  parameter  values  were  determined  using  this  model.  The 
significant  results  for  each  LSS  sub-mode  are  discussed  in 
the  following  paragraphs. 

Load  Damping  Mode 

Basic  root  locus  plots  for  each  axis  in  hover  with  the  PHS 
on  are  presented  in  Figures  54-56.  These  plots  show  how  the 
load  damping  varies  as  a function  of  the  load  damping  loop 
gain  and  time  constant.  The  root  location  for  the  nominal 
gain  and  time  constant  value  is  indicated  on  each  plot.  The 
load  frequencies  and  damping  ratios  obtained  with  the  nominal 
configuration  are  summarized  in  Table  7.  The  load  is  well 
damped,  particularly  \ ith  50-foot  cables  and  with  the  PHS  on.  With 
1 the  LSS  off  and  PHS  on,  the  load  roots  in  hover  are  as 

follows ; 

• Longitudinal:  o = 0.8  rps,  = O.Cl 

• Lateral:  oj  = 0.8  rps,  ^ = 0.02 

• Directional:  w = 1.3  rps,  i = 0.01 


Thus  the  load  is  only  very  lightly  damped  in  each  axis  withouc 
the  LSS. 

The  analysis  determined  that  the  load  deimping  loop  configura- 
tion is  very  dependent  upon  the  AFCS  configuration.  The  con- 
figuration that  provides  good  load  damping  with  the  hover 
hold/PHS  mode  on  is  unstable  with  the  basic  SCAS.  Conse- 
quently, separate  loops  are  used  when  the  PHS  is  on  and  off 
as  discussed  previously.  The  required  phase  shift  in  the 
lateral  axis  changes  drastically  as  a function  of  the  hover 
hold/PHS  loops  as  shown  in  Figure  57. 
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FIGURE  54. 

AIRCRAFT  AND  LOAD  LONGITUDINAL  DAMPING  AS  A 
FUNCTION  OF  DAMPING  LDOP  GAIN 
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FIGURE  55. 

LOAD  LATERAL  DAMPING  AS  A FUNCTION  OF 
DAMPING  LOOP  GAIN  AND  TIME  CONSTANT 
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LOAD  DIRECTIONAL  DAMPING  AS  A FUNCTION 
OF  DAMPING  LOOP  GAIN  AND  TIME  CONSTANT 
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FIGURE  57, 

LATERAL  LOAD  DAMPING  LOOP  PHASE  ANGLE 
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The  load  damping  configuration  requirement  varies  substantially 
with  cable  length,  particularly  in  the  lateral  axis.  The 
following  pareimeters  have  to  vary  with  cable  length  to  obtain 
good  load  damping. 


PARAMETER 

20-FT  CABLES 

50-PT  CABLES 

KXCA 

1.0  DEG/DEG 

1 . 5 DEG/DEG 

TY4 

1.5  SEC 

2.5  SEC 

KYCA2 

0.07  IN. /DEG 

0.175  IN. /DEG 

TY3 

, 0.1  SEC 

1 0.25  SEC 

KYCA3 

0.031  IN. /DEG 

i 

j 0.13  IN. /DEG 

TY2 

1 

0.25  SEC 

L-  . - 

! 0.75  SEC 

These  changes  were  made  to  obtain  the  results  summarized  in 
T2ible  7.  Without  these  changes,  the  load  becomes  very 
lightly  damped,  if  not  unstable,  with  20-foot  cables.  The 
directional  load  damping  with  20-foot  inverted-V  cables  was 
analyzed  using  the  CSMP  and  total  force  simulation  models  and 
will  be  discussed  later. 

The  load  deunping  was  evaluated  in  60-knot  forward  flight  and 
was  found  to  be  adequately  damped  with  the  basic  SCAS  load 
deunping  loops.  The  results  indicate  that  the  longitudinal 
dcimping  can  be  further  increased  by  increasing  the  phase 
advance. 

In  general,  the  load  damping  is  very  sensitive  to  gain  and 
phase  changes.  However,  with  a few  exceptions,  the  aircraft 
roots  are  not  significantly  affected  by  the  LSS.  The  most 
significant  effects  of  LSS/AFCS  parauneter  variations  are  as 
follows : 

• With  the  hover  hold/PHS  mode  off,  the  longitudinal  load 
damping  increases  when  the  phase  advance  is  increased. 


i 


5 
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• Witli  the  Hover  Hold/PHS  mode  on,  the  longitudinal  load 
damping  increases  when  the  gain  is  increased.  However, 
the  aircraft  damping  decreases  with  increased  gain,  as 
seen  in  Figure  54 . 

• The  longitudinal  load  damping  gain  has  to  decrease  as 
the  hover  hold/PHS  gains  decrease. 

• In  forward  flight,  the  longitudinal  load  damping  has  a 
knee  when  the  gain  is  0.25  deg/deg.,  i.e.,  the  damping 
decreases  if  the  gain  is  either  increased  or  decreased. 

c With  the  Hover  Hold/PHS  mode  off,  the  lateral  load 

damping  increases  as  the  gain  magnitude  increases.  How- 
ever, increasing  the  gain  further  aggravates  a switching 
problem  which  is  discussed  later. 

• The  lateral  load  damping  decreases  sharply  if  either  the 
gain,  time  constant,  or  hover  hold/PHS  gains  are 
increased  or  decreased  from  their  nominal  values. 

c The  lateral  load  damping  phase  lag  has  to  decrease  if 
the  hover  hold/PHS  gains  are  decreased. 

• The  directional  load  damping  can  be  increased  with 
increased  phase  lag  as  seen  in  Figure  56.  However,  this 
decreases  the  aircraft  stability. 

• The  directional  load  damping  decreases  by  approximately  50 
percent  with  aircraft  heading  feedback  synchronized. 

There  is  negligible  coupling  between  the  axes  as  the  load, 
cable,  and  LSS  parameters  are  varied.  The  load  damping  remains 
good  as  the  following  parameters  vary  over  the  range  described 
previously. 

• Load  weight 

• Vertical  distance  between  the  aircraft  center  of  gravity 
cind  load  hook. 
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Load  Position  Hold  Mode 


Basic  root  locus  plots  for  each  axis  with  the  load  position 
hold  mode  on  arc  shown  in  Figures  58-60 „ The  root  location 
for  the  nominal  parameter  values  is  indicated  on  each  plot. 

The  load  frequencies  and  damping  ratios  obtained  with  the 
nominal  configuration  are  summarized  in  Table  8.  While  the 
load  damping  with  50-foot  cables  is  reduced  by  the  load  posi- 
tion hold  mode,  the  load  is  still  well  damped.  In  the  position 
hold  mode,  the  load  damping  configuration  requirement  varies 
substantially  with  cable  length,  as  it  does  with  the  position 
hold  mode  off.  The  following  parameters  have  to  change  with 
cable  length  to  obtain  the  results  shown  in  Table  8. 


PARAMETER 

20-FT  CABLES 

50-FT  CABLES  ' 

TXLl 

1.50 

2.50 

TXL2  ' 

1.80 

2.10  j 

TYLl  1 

0.52 

2.10  : 

TYL2  j 

0.25 

0.41  1 

Directional  load  position  hold  with  the  20-foot  inverted-V 
cables  will  be  discussed  later. 

The  most  significant  result  from  the  stability  analysis  of  the 
load  position  hold  mode  is  that  the  load  damping  increases 
as  the  load  position  hold  gain  decreases  at  the  load  frequency. 
Further,  the  gain  has  to  decrease  when  the  hover  hold/PHS  or 
load  damping  loop  gains  decrease. 

Load-Centering  Mode 

During  the  load-centering  mode  operation,  the  load  stability 
is  not  of  concern  since  the  load  is  sitting  on  the  ground. 

The  aircraft  longitudinal  and  directional  stability  is  good;  it 
is  similar  to  that  without  the  cables  attached.  No  frequency 
shaping  is  required  except  in  the  lateral  axis  which  has  a 
lag  in  the  position  term.  The  root  locus  in  Figure  61  shows 
how  the  aircraft  lateral  roots  vary  in  the  load  centering 
mode  as  a function  of  gain  and  lag  time  constant.  It  can  be 
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seen  that  the  aircraft  is  somewhat  underdamped  laterally  with 
the  nominal  configuration.  However,  the  transient  responses 
that  will  be  discussed  in  the  following  sections  show  good 
lateral  centering  performance. 

The  aircraft  is  well  damped  vertically  in  the  centering  mode 
with  the  cables  taut  and  the  tension  control  loop  operating. 
The  tension  control  performance  will  be  discussed  further  in 
the  following  sections. 

2. 1.5. 3. 3 eSMP  Studies 

The  eSMP  model  was  used  to  study  system  transient  responses 
and  performance  in  meeting  the  LSS  objectives.  Although 
it  is  a small  perturbation  model,  it  is  valid  for  most  LSS 
considerations  since  the  aircraft  and  load  excursions  are 
small  for  practically  all  aspects  of  LSS  operation.  All  modes 
of  LSS/AFCS  operation  were  studied  for  the  nominal  50~foot 
cables,  5000-pound  load  configuration. 

The  high  degree  of  load  damping  obtained  in  each  axis  can  ne 
seen  in  Figures  62-64.  These  transient  responses  were 
obtained  by  applying  pulses  at  the  pilot's  controls  with 
the  PHS  and  LSS  on.  These  results,  along  with  the  CSMP 
results  for  the  other  modes  of  LSS/AFCS  operation,  closely 
match  the  root  locus  analysis  predictions. 

Load  damping  in  the  directional  axis  with  20-foct  inverted-V 
cables  was  evaluated  using  the  CSMP  model.  The  pendulum 
equation  of  motion  was  modified  to  include  a large  restoring 
moment  for  small  directional  load  angles.  The  normal  pendulum 
restoring  moment  is  still  present  when  the  load  angle  becomes 
large  enough  to  make  opposite  cable  legs  become  slack.  The 
total  restoring  moraer;t  used  in  the  model  is  shown  in  Figure 
65.  The  results  show  that  the  load  should  be  well-behaved 
directionally  vith  the  inverted-V  suspension  system.  The 
peak  directional  excursion  relative  to  the  aircraft  is  only 
0.2  degree  when  a 1-inch  pedal  pulse  is  applied  in  hover 
or  forward  flight.  A very  small  uirectional  load  limit  cycle 
of  +0.04  degrees  at  2 hertz  persists  with  the  inverted-V 
suspension. 
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FIGURE  65. 

DIRECTIONAL  RESTORING  MOMENT 
INVERTED  VEE  SUSPENSION 


Wind  qusts,  rotor  downwash,  and  ground  effect  were  not  modeled 
for  the  LSS  analysis  or  simulation.  However,  the  aircraft  and 
load  response  to  wind  ramps  and  sinusoidals  was  evaluated. 

In  Figure  66,  the  load  longitudinal  excursion  relative  to  the 
ground  due  to  a 10  fps  headwind  ramp  is  shown.  Four  cases  are 
included  to  illustrate  the  effect  of  the  load  damping  and 
position  hold  loops.  The  load  motion  is  well  damped  with  the 
load  dcunping  mode  on.  With  the  load  position  hold  loop  on, 
the  load  peak  excursion  is  0.27  foot  and  the  load  returns  to 
its  initial  position.  The  effect  of  load  weight  and  cable 
length  on  load  longitudinal  motion  is  shown  in  Figure  67. 

In  Figure  68,  the  load  and  aircraft  are  subjected  to  a 20  fps 
peak-to-peak  longitudinal  sinusoidal  wind  with  a frequency  of 
0.5  rps.  The  peak-to-peak  load  excursion  is  0.44  foot.  The 
load  lateral  response  to  a 10  fps  cross-wind  ramp  is  shown 
in  Figure  69  where  the  peak  load  excursion  is  0,96  foot. 

'rho  effect  of  cable  angle  sensing  hysteresis  on  LSS  performance 
was  investigated  using  the  CSMP  model  and  found  to  be  signi- 
ficant for  hysteresis  angles  in  the  order  of  iO.l  degree  or 
great<  -.  The  transient  responses  in  Figures  70-71  illustrate 
this  * feet  for  various  magnitudes  of  hysteresis  angle. 

In  Figure  70,  a 10  fps  headwind  ramp  is  applied  to  the  air- 
craft and  load.  The  resulting  load  longitudinal  excursion 
and  damping  with  perfect  sensing  is  compared  to  that  with 
different  magnitudes  of  sensing  hysteresis.  With  perfect 
sensing,  the  load  returns  quickly  to  its  initial  position 
in  a very  well-damped  manner.  If  the  hysteresis  band  is  as 
large  as  +0.46  degree,  the  load  stability  deteriorates  to 
neutral  deunping  and  the  load  position  cannot  be  held  within 
a band  of  ^0.4  foot.  The  lateral  sensing  hysteresis  creates 
an  aircraft  roll  attitude  limit  cycle  as  seen  in  Figure  71. 

With  a hysteresis  angle  of  ^0,11  degree,  the  roll  attitude 
limit  cycle  level  is  approximately  doubled.  The  degradation 
in  lateral  load  aeunping  is  insignificant  compared  to  the  roll 
attitude  limit  cycle  that  results.  The  Teflon/steel  load 
hook  bearing  used  in  the  347  demonstrator  is  theoretically 
estimated  to  have  a longitudinal  hysteresis  angle  between 
+0.04  and  +0.09  degree  and  a lateral  hysteresis  angle  between 
+0.03  and  ±0.01  degree.  Originally,  a bronze/steel  bearing 
which  would  have  produced  a hysteresis  band  approximately 
three  times  as  large  was  planned  to  be  used. 
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FIGURE  67. 

EFFECT  OF  LOAD  WEIGHT  AND  CABLE  LENGTH  ON  LONGITUDINAL  LOAD  MOTION 
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The  load-centerinc/  mode  operation  was  tested  with  the  CSMP 
model.  In  Figure  12,  the  forward  and  aft  cable  tensions 
are  initially  zero  and  6ou  pounds,  respectively.  The  LSS  is 
switched  on  and  both  tensions  are  automatically  increased  to 
approximately  1200  pounds  and  held  at  that  value.  Wlien  the 
smallest  tension  exceeds  800  pounds,  the  LSS  automatically 
centers  the  aircraft  over  the  load  longitudinally,  laterally, 
and  directionally,  as  shown  in  Figure  73.  In  this  case,  the 
aircraft  was  initially  misaligned  5 feet  longitudinally, 

3 feet  laterally,  and  8 degrees  directionally.  The 
aircraft  is  centered  (under  ideal  conditions)  within  a 2- 
inch  and  l-degree  tolera^nce  within  7 seconds  in  a 
smooth,  well-dcunped  manner. 

2. 1.5. 3.4  Hybrid  Simulation 

The  hybrid  total  force  simulation  was  used  to  study  overall 
system  performance,  including  logic,  and  to  verify  the  root 
locus/CSMP  results.  All  modes  of  LSS/AFCS  operation  were 
evaluated, using  pulse,  wind  ramp,  and  LCC  controller  inputs. 

VPiile  the  simulation  study  concentrated  on  the  nominal  load/ 
cable  configuration,  the  responses  for  a 10,000-pound  load 
and  for  20-foot  caiblcs  were  verified. 

The  responses  to  pilot  pulses  are  shown  in  Figures  74-82  for 
hover  and  60  knot  flight.  The  load  damping  improvement 
afforded  by  the  LSS  can  be  readily  seen  for  each  axis.  The 
aircraft  attitude  excursions  required  to  damp  the  load  are 
very  small.  Basic  .‘^CAS,  hover  hold,  and  PHS  cases  are  shown 
for  the  longitudinal  and  lateral  axes  in  hover.  In  Figures 
83-84,  10  fps  headwind  and  crosswind  ramps  are  applied  to  the 
aircraft  and  load.  The  load  position  hold  mode  returns  the 
load  to  its  original  position  within  15  seconds.  Notice  that 
the  aircraft  is  displaced  from  its  initial  position  in  oicier 
to  restore  the  load's  position.  Maximum  longitudinal  and 
lateral  LCC  step  inputs  are  applied  in  Figures  85-86.  Tlie 
load  excursions  caused  by  these  -nputs  are  damped  out  quickly 
by  the  LSS,  whereas  the  camping  would  be  loss  than  5X.  critical 
if  tlie  LSS  were  off.  The  value  of  the  load  damping  can  be 
seen  in  Figure  87  where  the  load  is  repositioned  through  a 
distance  of  20  feet  using  the  LCC  controller  and  a scope 
display  of  the  load's  position.  With  the  LSS  on,  the  load 
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can  be  positioned  easily  and  precisely,  whereas  without  the 
liSE,  lightly  daimped  locid  oscillations  build  up  making  precise 
load  positioning  difficult  and  time  consuming. 

The  LSS  logic  performed  well  during  the  simulation  verification 
with  two  excerptions-  (1)  hysteresis  had  to  be  added  to  ther 
load  centering  tension  discrete  as  discussed  previously,  and 
(2)  an  LCC/LSS  interface  problem  was  found  which  is  described 
below. 

The  simulation  and  CSMP  rt^sults  are  in  very  close  agreement 
as  can  be  seen  by  comparing  corresponding  simulation  results 
with  the  CSMP  results  presented  previousl',  . The  only  signi- 
ficant disagrorement  is  in  the  directional  damping  loop  where 
the  simulation  requires  a considerably  smaller  gain  and  time 
constant  than  the  root  locus  model  recommends. 

2.1.i).4  Major  Problems 

2.1. f).4.1  Sensitivity  to  Cable  Length  and  AFCS  Modes 

An  discussed  prcrviously,  the  required  LSS  configuration  is 
dependent  on  ti'O  cable  length  and  AFCS  mode  that  is  being 
used.  The  current  system  design  automatically  changes  the 
LSS  configuration  as  a function  of  AFCS  mode  changes.  For 
an  operational  system,  several  LSS  parameters,  as  noted 
previously,  would  have  to  change  automatically  as  the  cable 
lentjLli  changes. 

2.1. E,4.2  LCC/LSS  Interface 

A {jrobleiii  was  encx'untered  when  LCC  inputs  were  attempLivi  on 
th(  total  tcrc(.'  simulation  witli  the  LSS  on.  The  hover  hold 
mode  limits  the  longitudinal  and  lateral  velocity  error 
•sicjnals  to  approximately  1 fps  to  provide.'  the  desired  airr-iv.ifL 
.;ccel  eratiejn . Tliis  limit  masks  the  velocity  term  until  the 
velocity  Inis  reaclual  t(i«‘  commanded  value.  Since  the  LSS 
configuration  i;;  tiependent  on  whe-ther  velocity  feedback  is 
applied  te'  the  aircraft,  the'  load  became  unstable  when  the 
velocity  ti-rm  was  masked  by  the  limit.  Logic  was  addi  d to 
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2.\  Automatic  Approach  to  Hover 
2 . ,l . G . I Objectives  and  Concepts 

'Hic  primary  objective  of  the  HLH/ATC  automatic  approach  to 
hover  system  was  to  demonstrate  the  feasibility  of  an  auto- 
matic approach  system. 

Since  the  objective  is  to  demonstrate  feasibility  and  not 
operational  capability,  the  following  ground  rules  were 
established  to  permit  system  simplification. 

• Pilot  establishes  desireo  track;  initial  longitudinal 
groundspeed  at  70  kn  + 5 kn,  initial  descent  rate  of 

0 fpm  to  400  fpm,  and  initial  altitude  at  approximately 
1000  feet  above  hover  point. 

• Fixed  approach  profile,  and  hover  altitude. 

• Track  at  time  of  approach  initiation  will  be  held  con- 
stant during  approach  by  stabilizing  heading  and  main- 
taining zero  cross-track  velocity  and  position  error. 

• Desired  track  velocity  will  be  maintained  through 
longitudinal  velocity  commands. 

• Altitude  will  be  phased  from  baro  to  radar  during  final 
portion  of  approach. 

• Velocity  commands  will  be  input  to  the  flight  director 
and,  when  performing  an  automatic  approach,  to  the  CCDA's. 

• A coupled  or  manual  approach  may  be  selected  anytime 
during  the  approach. 

The  auto  approach  handling  qualities  objectives  are: 

• To  reduce  pilot  workload  during  approach. 

• No  excessive  control  inputs. 

• No  excessive  or  lightly  damped  aircraft  responses. 
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Per  t oi  niaiuH'  If'f  Um'  aulr.i  afjt^roacii  aj'e: 


Initial  _a Perjccnit  Pl\a:uni 

!.;i.idopath  OT'tor 

40-l()ot  veitieal  error 
l!0-iof)t  lateral  error 

f ouuLlspt?e< I error  r (->  knot;; 

1 ■)  e c t;  1 e -'  )■  a t i o n P h a s e 


('tlidopath  erioi 

lO-fool.  vertleal  ('rr(.->r 
40-foot  lateral.  err(^r 

( 1 r o 1 1 nrls  j.x 'i.'d  error  "J;_  4 knots. 


2 . 1 . () . 2 Auto  Appjroacli  Pro!  i le  Description 

Tlie  pilot  Initiates  tlie  automatic  apj.iroacli  by  first  manually 
flyiiKj  the  helicopter  L<<  tlie  followinq  trim  cc^nditions. 

• (hound speed  --  '^0  kn  + 5 kn 

• Uate  ol.  di', scent  - f)  I {.>m  to  100  f put 

• Alt.ltviile  - 1000  ft.  (above  hover  point) 

• Helicopter  stabilized  aJonq  desired  track 

• (.IroundspC'.'d  veltjcity  iii(.)de  selected 

Initiation  ot  the  ai.jproacli  oc.-curs  with  enqaqeiiietit  cl  the 
''a\ito  approach  initial. e"  switcli,  ;;er;  Picjure  BB. 

llie  approach  profile  is  described  by  tbioe  separate  pliases, 
set;  I'iqure  BO.  li  tlie  initial  apprcvach  phase,  tlie  helicopter 
will  maintain  70  knot;;  ijround  speed  and  1000  feet  altitude 
for  a distance  of  1030  feet.  liiirirKi  the  phase,  t.  ' FDI 
velocity  cotruiiands  are  based  upon  eirixirs  from  the  (iesired 
level- I 1 i '(1)1  condition.  The  vert.ical  error  di;;played  corres- 
ponds to  the  d L spl  a cement  from  tlie  projected  ql  ide  slope. 

At  1030  feet  li'oxn  tlie  initiate'  point,  tiie  helicopter  enters 
the  (ioscent  (ihase  oi  the  ap}ii  oacli  (.irc'lile.  but'ii-.q  this  phase, 
the  track  vc.locity  i;.  mainrained  at  '/O  knots  and  larC'  ci 
desccTit  at  1 0 . hi  ftis.  'Idiis  c-'.irrespraid  to  a 0''  qlide  slope. 
Hie  dcsdi.e-d  a I 1. 1 tutk;  {.)rcdilc  i;;  detc- iin  i iietl  1 rom  tlv  rat'  of 
der.ocnt  . 


» J. 


FIGURE  89. 

AUTO  APPROACH  DEMONSTRATION  PROFILE 


A1 


At  10,0.10  feet  from  the  initiate  point  (2290  feet  from  the 
hover  point) , the  helicopter  enters  the  initial  deceleration 
phase.  During  this  phase,  the  aircraft  flares  to  decelerate 
and  reduces  its  rate  of  descent  to  5.83  fps.  At  214  feet 
from  the  hover  point,  the  deceleration  and  rate  of  descent 
are  slowly  reduced  to  achieve  hover  at  12,300  feet  from  the 
initiate  point  at  an  altitude  of  100  feet. 


2, 1.6. 3 Automatic  Approach  to  Hover  Control  System 


The  initial  auto  approach  control  laws  and  locjic  for  the 
347/ATC  were  developed  utilizing  unpiloted  simulation,  first 
with  a linear,  small  perturbation  digital  simulation,  and 
then  with  the  full-flight  envelope  simulation.  Final  adjust- 
ment of  the  control  laws  was  accomplished  on  the;  347/ATC  air- 
craft. These  adjustments  consisted  primarily  of  changes  in 
gains,  time  con.'3tants,  and  feedback  sic^nal  generation. 

Tlie  final  automatic  approacli  to  iiover  sy.stem,  which  is  the 
result  of  the  above  development,  is  shown  on  Figure  90. 

The  control  system  performs  open  loop  determination  of  the 
distance  from  the  iiover  point,  D)^.  Tills  is  used  to  generate 
the  desired  apprnacii  profiles  (rate  of  descent,  altitude,  and 
track  velocity),  and  stick  conmiands  which  approximate  these 
profiles.  Proportional  and  integral  feedback  of  profile 
errors  is  used  to  maintain  zero  error  between  actual  and 
desired  responses.  The  summation  of  the  open  Loop  stick 
command  and  the  proportional  and  integral  feedback  signals 
represents  the  required  stick  comiiand. 

For  a manual  approach,  the  difference  between  tiie  required 
sticK  commands  and  cockpit  stick  motion  is  fed  to  the  flight 
director  velocity  command  bars  (see  Figure  91).  The  pilot 
performs  a manual  approach  by  inputting  cont...Gl  motions  to 
maintain  the  command  bars  in  the  null  position. 

For  an  automatic  approach,  the  pilot  activates  both  the  Fill 
and  coupler  switches  and  the  required  stick  commands  arei 
then  fed  ilirectly  to  the  cockpit  controls  through  the  CCDA 
actuators.  The  pilot  can  monitor  tlie  approach  by  observing 
the  control  motions  and  the  flight  director  '.'■eiocity  conunand 
bars.  The  approach  can  be  aborted  by  either  ina<7  braking  or 
with  the  coupler  .switch  on  the  mode  select,  panel. 

2. 1.6. 3.1  Longitudinal  Control  Loops 

The  longitudinal  control  loops  are  shov/n  on  I’igure  9i).  llie 
functions  FBXV,  and  i’DDB,  Appendix  Data  Package,  describe 
the  desired  track  velocity  profile  and  the  open-loop  stick 
function,  respectively r F’\iXT  RK  performs  the  track  velocity 
coordinate  t ran.sformation  from  north-south  coordinates  to 
track  coordinates.  The  difference  between  FBXV  and  FVXTId< 
represents  I’ne  track  velocity  error  which  is  fed  to  the  con- 
trol system  through  proportional  and  j ntegral  paths  with 
gain  Fgxv  ^BXb'  respectively.  Limiters  Lfyjtj  and  Lj^i  q 

are  pi  act'd  cjh  t he  inteii-ral  and  total  tecxlliack  patlis  to  pre- 
vent exccEizive  control  inputs. 
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figure  90. 


FIGURE  91. 

FLIGHT  DIRECTOR  DISPLAY 


2. 1.6. 3. 2 Lateral  Cuntrol  Loops 


The  lateral  control  loops  are  sliown  in  Figure  90.  'I^iese 
maintain  lielicopter  track  by  determining  cross-track  velocity, 
'■'vYTRk  feeding  it  back  tlirouqh  proportional  and  integral 

gains  'L-yv  ’''SYb*  respectively. 

2.]. 6.  ".3  Verr.ical  t'./ntrol  Loops 

'Hie  vertical  control  loops  which  provide  the  Llcsired  descent 
ratL  and  altitude  profibjs  arc  shown  in  Figure  90.  nie 
functions  I'c/v  represent  the  desired  rate  of  descent 

and  ciltitude  profiles,  respect ivcly . represents  the 

colle-Lvc  lever  displacement  which  approximates  the  desired 
proiile.  'niG  rate  limits  and  6^7  are  included  to  soften 

l-lu?  .step  changes  on  l‘\y/,\/  and  F^yijq.  Rate  of  descent  informa- 
tion i .s  provided  by  a complementary  filter  which  uses  a heavily 
fi.nered  radar  rate  for  low  frequency  data  ^nd  vertical  accel- 
eration for  high-frequency,  short-term  data. 

'Hk  alLitude  feedback  signal  utiliices  barometric  altitude 
from  approacli  in''tiation  tc;  1000  feet  from  the  hover  point. 

Tt  i.  assumed  t.liaL  at  1000  feet  from  the  hover  point,  the 
aircraft  is  over  relatively  flat  terrain  and  the  altitude 
signal  sv.'itches  transient-free  t radar  altitude.  Tlie  dif- 
ference betwe'-n  ijaro  and  radar  altitude  at  the  time  of 
r.witchi  g is  ramped  in  at  a rate  of  4 fect/sec.  The  transient- 
rc'i  .swrtch  insure.,  a sraootli  transition  from  baro  to  radar 
an-l  ail  absolute  hover  altitude  of  100  feet. 

(''oiiipensn  l ion  for  the  collective  trim  shift,  associated  with 
the  aiLn  ;;aft  power  required  curve  is  provided  through  the 
collective  trim  compensation  function,  Fp^^^,  and  the  low  air- 
speeii  collective  bias  loop,  ^’cAS'  mechanized  in  the  basic 
vertical  dCA.O,  provides  compensation  for  airspeeds  greater 
than  10  knots.  'nic  lo'.  airspeed  collective  bias  loop  pro- 
'■j  les  arlditional  (Mmpei-'  iti  r.n  for  airspeeds  below  40  knots. 

'Inis  loop  funrtl  " s by  generating  an  approximate  airspeed 
signal,  and  step  ..nu  in  .9  inches  of  "up"  collective  stick 
Lliron  )>i  a la-!  w • nevejr  the  approximate  airspeed  drops  below 
29  kni'ts.  As  r liable  airspeed  measurement  is  not  available 
liel.'W  10  knots  , tlie  airspeed  approximation  is  generated  by 
d.-i  . rni  I ni  ir,  f difference  between  airspeed  and  longitudinal 
gi  ( urn!;.)  oeci . 'Hiis  difference  is  stored  when  Dy  becomes  less 
P'.in  .'.">0  fe  . The  approximate  airspeed  is  equal  to  the  sum 
' lo  igitud  a!  (jx mnid.speed  arul  the  .rbove  stored  difference. 


2. 1.6. 3. 4 Basic  SCAS  Modifications 

The  following  basic  fCAS  modifications  were  required  for 
automatic  approach  operation. 

• Increased  pitch  attitude  gain,  to  .45  in. /deg  to 

provide  tighter  pitch  attitude  control. 

o Removed  lateral  control  response  quickening  loop  in 
order  to  reduce  lateral  control  sensitivity. 

o Modified  longitudinal  asyrnetrical  limiter,  LM8,  to 
2 inches  forward  and  4 inches  aft,  and  added  a longi- 
tudinal stick  bias  equivalent  to  2 inches  of  aft  stick. 
Tliis  was  required  to  prevent  the  longitudinal  AFCS 
from  bottoming  the  asyrnetrical  limit  ana  causing  the 
loss  of  pitch  attitude  feedback. 

o Added  a complementary  vertical  rate  feedback  loop  to 
the  differential  vertical  AFCS  output  with  a gaj.n  of 
.135  in./fps,  This  provided  additional  vertical 

damping  and  reduced  the  collective  stick  sensitivity. 

2. 1.6.4  Flight  Director  DispJ ay  Signal  Generation 

Tlie  flight  director  allows  the  pilot  to  monitor  the  perform- 
ance of  the  auto  approach  system  and,  if  necessary  or  desired, 
to  manually  fly  the  helicopter  along  the  approach  profile. 

The  information  displayed  on  the  flight  director  (see 
Figure  91)  includes: 

Steering  Command 

• Longitudinal 

• Lateral 

• Vertical 

Flight  Path  Error  Indications 

• lateral 

• Vertical 

Out-of-Toi erance  Indications 

Ibe  steering  commands  represent  the  difference  between  the 
required  stick  command  and  the  actual  cockpit  control  dis- 
lacement.  'Ibis  signal  is  fed  to  the  flight  director  conunand 
ith  appropriate  scaling  and  dynamic  shaping  to  provide 
acceptable  commands  for  the  pilot  to  f How.  'Hie  following 
command  dynamics  and  .sensitivities  provided  adequate  pilot 
tracking  capability. 
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Long 


Vel  Comm 


inches 
inch  ■ 


77^+1 


Lat  Vel  Comm 


= .715 


inches 

inch 


1 

.75S+1 


Vert  Vel  Comm 


.25 


inches  1 

inch  1.5S+1 


The  vertical  and  lateral  flightpath  errors  were  displayed 
using  the  following  sensitivities: 


Vert  Error 


120  feet  error 
1 men  displ 


Lat  Error 


120  feet  error 
1 inch  displ 


The  FD  (Flight  Director)  and  RT  (Rate  of  Turn)  flags  are 
driven  into  view  whenever  any  of  the  flightpath  error 
tolerances  were  exceeded.  These  tolerances  are: 

for  12300'  > > 2290’ 

Vert  Error  < 40  ft 

Lat  Error  <80  ft 

Groundspeed  Error  6 kn 


for  22  90  > Dx  >0 
Vert  Error 
Lat  Error 
Groundspeed  Error 


<10  ft 
<40  ft 
< ± 4 kn 
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2.1.7  Hover  Trim 


The  HLH  AFCS  is  configured  with  a selectable  control  feature 
that  automatically  corrects  the  helicopter  to  a zero  ground- 
spaed  condition.  Known  as  Automatic  Hover  Trim,  this  select- 
able raode  is  incorporated  to  reduce  cockpit  workload  during 
the  final  stages  of  a manually  initiated  approach  to  hover. 

It  is  particularly  effective  as  an  approach  aid  when  utilized 
'n  coniunction  with  Altitude  Hold.  Another  Hover  Trim  appli- 
cation considers  engagement  of  the  mode  while  recovering  from 
Maneuvers  resulting  in  disorientation  or  vertigo  which  occurs 
from  time  to  time  while  flydng  under  IFR  flight  conditions. 

The  Hover  'frim  system  operates  by  slowly  backdriving  cockpit 
longi tudinal  and  latera3  controls  to  a force  trim  reference 
corresponding  to  zero  ground  speed.  it  may  be  activated  any- 
where in  the  f1  :ight  envelope  by  depressing  a button  on  the 
pilot's  Mode  Select  panel. 

LONGITUDINAL  AXIS  MIkJHANIZATlON  - As  illustrated  in  the  longi- 
tudinal Al'CS  functional  block  diagram  (Figure  14),  Hover  Trim 
control  laws  consist  of  a single  proportional  feedback  through 
which  a longitudinal  ground -speed  signal  (Xj?)  is  passed.  The 
signal  (foes  d irectly  into  tlic  integral  back-drive  path  to 
cormuaiid  parallel  stick  motion  in  tlie  cockpit.  L-22  logic 
ciiergizes  the  loop,  and  J L stays  oivjdgect  as  long  as  the  pilol. 
does  not  force  trim  with  ct'.e  mag  brake  or  select  tlie  Velocity 
OFF  noUe  of  ojaeration. 

A:-,  Kjrig  as  i’.he  groundsfjced  is  greater  than  10  ‘‘oet  nor  second, 
a cojistant  level  signal  is  scj't  to  theJ  integral  drive  because 
ot  the  I.M4  limilcuM  tliis  produces  a gradual  stiai;  input  in 
the  cockpit,  winch  sl(/ws  tlu?  aircraft  toward  hover,  Stick  in- 
put;' c(mtinue  un!  il  velocity  is  comp.letcly  nulli.mi  thtemgh  the 
:i  n t e ■ j r a i c < j n t r o 1 d r i ■■/<  ■ . 

A dnai  gain  network  is  providejd  to  increase  1 onej i tudina  1 :;tick 
Ijnckd:  ivc  gain  n 1.x ,'■'/<.>  IS  knots  airspeed.  When  Hover  'j'l  im  is 
;;e  ,1  ec  Lf.’d  in  h i (jh-speed  fliglrt,  tlie  aircralt  (lcc.*'eases  velocity 
at  a im  .!■  lera  t.e.l  y raf,3jd  pace  initially,  and  then  more  slowly  as 
h(>'/(M  1 approacheil. 
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During  the  Hhll  hi'CS  deiuuUfltrat ion  proqrai:',  customer  evaluation 
pilots  typically  found  Hover  Tri.m  most  usetul  for  stabilizing 
the  final  segment  of  manually-executed  IfR-type  approach 
maneuvers.  From  a SOO-foot-per-minute  descent  at  around  30 
knots,  the  i^ltitude  Hold  mode  was  employed  first  to  level 
the  flight  path  at  150  to  200  feet  above  the  ground.  The 
pilot  then  pitched  the  nose  up  to  initiate  a longitudinal 
deceleration.  At  approximately  25  knots,  Hover  Trim  was 
engaged  and  the  remainder  of  the  approach  was  accomplished 
automatically . 


2.2  NORTOROP  FLIGHT  SIMUIATTON 


2.2.1  Summary 

In  1973,  two  piloted  simulator  evaluations  of  proposed  HLH  AFC'S 
control  laws  and  logic  were  conducted  at  the  Northrop  Fliijht, 
Simulation  facility  in  Hawthorne,  California.  Overall  simula- 
tion objectives  were  to: 

• Refine  control  law  and  i.ogic  mechanization  develop'd!  for 
demonstration  on  the  347  Flight  Research  Vehicle  so  as  to 
minimize  expensive  and  time-consuming  hardware  an  i si  f't- 
ware  changes  on  the  flight  test  program,  and 

• Ensure  adequacy  of  \-ohicle  handling  qualities  for  meeting 
the  requirements  of  the  IILII  mission  throutjh  continued 
AFCS  development. 

The  first  simuiation  was  accomplished  in  April  on  the  iJ\SA'lA\'3 
(large  am.plitudo  - wide  angle  visual)  "big  beam"  simulator 
illustrated  at  the  top  of  Figure  92.  The  principal  purpose  lj  f 
this  testing  was  to  evaluate  basic  SCAS  performance  througi'oul 
the  fliglit  envelope  from  the  pilot's  cockpit  flight  stati.e-n. 
Hover  Trim  and  Automatic  Altitude  Hold  selectable  mode  Lec- 
tures were  also  locked  at  along  with  aircraft  beliavior  result- 
ing from  simulated  AFCS  and  DEIiS  fai.Lures. 

A second  phase  jf  testing  was  completed  in  late  December  and 
utilized  the  Low  Speed  "Rotational"  simulatc^r  (sliown  at  tiiri 
bottom  of  Figure  92)  to  represent  tlie  roarwarci  facimi  load 
crewman's  station.  Hover  Hold  control  J.aws  were  cxplortul  in 
conjunction  with  evaluations  of  tlie  "Prototype"  l.CCC  urut. 

Separate  comparisons  of  the  f i ncjcr /ha  1 1 am*  tjrip-typi.-  Leo 
controller  cun  ligurati  ons  were  also;  iiiaole  by  customer  pili't  ■, 
and  eniji  neerinci  repr(.'sentative.s . AddilionaJ  tt-scing  a ‘u 

tlie  effect  of  externaJ  loads  tin  veliik.'lt.;  liand  1 i ug  gua  i > i o;,-.  auII, 
the  Hover  Hold  mode  engaged. 

Hie  matli  model  driving  both  simulations  represente' ! tho'  '1, 
helicopter.  'lliis  full  envelope  "tol.al  f(;rce''  motie  i was  exten- 
sively checked  out  ami  validated  aqain;,L  i 1.  ialit  Llata  in  the 
Vertol  Hybrid  Simulation  Laboratory  (and  on  the  Nudge  simulat.ur 
prior  to  beimj  programmed  at  Nor  tin  Al'CS  modeling  was  aoi.-o'm 

plished  with  General  Electric  IC1*-002  i iK-reniental  digital  i,  omi- 
pul.ers  wh.icli  wore  similar  in  principle  to  Ihti  JCi  - /.ii  nude!' 
used  on  the  denK;nstraticn  aircraft. 

Major  imii  1 a t j.  or  results  are  stiiiima  r i zt'd  in  ]■  iqure..;  U2  anli 
A.:;  sli'iwn  on  tnie  i irst  figuii.-,  (>(>  hours  o.,  productive  piKhot 
flight  simulat  ion  * inv'  were  "flown"  i.lurini;  th^:  fu.'o -jiao. . 

Reep  1 i lO'iiients  fior  '■  c.o  tware  couitri,!  law  mojd  i i i c-a  t 1 1 ns  weie 


identified  in  Pliase  I testing,  and  20  in  the  Phase  II.  A 
total  of  15  logic  changes  w€;re  also  identified.  These  logic 
revisions  were  of  particular  importance  because  of  the  diffi- 
culty associated  with  modifying  the  "hard  wired"  logic  modules 
on  the  347  fliglit  test  aircraft  after  they  were  once  installed. 

A suiTjnary  assessment  of  handling  qualities  with  the  final  AFCS 
control  laws  programmed  in  the  simulation  is  presented  in 
Figure  93.  Piiot  Cooper-Harper  ratings  of  between  1.0  and  2.0 
(in  the  desirable  to  highly  desirable  range)  were  achieved 
for  virtually  all  test  maneuvers  with  the  AFCS  engaged.  Simu- 
lated triplex  Ar’CS  computen'  handover  failures  were  found  to  be 
readily  recoverable,  as  were  DELS  failures  for  the  347  demon- 
strator with  reversion  to  the  Mechanical  Backup  Units. 

Both  simulations  wore  considered  by  pilot  evaluators  to  repre- 
sent a liigh  level  of  fidelity  in  reproducing  expected  aircraft 
and  control  system  characteristics.  As  a direct  result  of 
this,  when  the  AFCS  was  finally  evaluated  on  the  347  test  air- 
craft, pilot  ratings  of  handling  qualities  were  quite  similar 
to  those  found  in  the  simulator  the  year  before. 

In  the  evaluation  thcit  follows,  the  Northrop  simulation  program 
is  discussed  in  three  segments.  The  first  covers  development 
of  tlie  math  model  and  simulator  representations  of  the  test 
aircraft  and  control  system  (Section  2.2,2).  This  description 
is  followed  by  a discussion  of  the  Phase  I full  envelope  SCAS 
evaluation  from  the  pilot's  station  (Section  2.2,3).  The  load 
crcwman/rX'CC  Pliase  IT  simulation  is  reviewed  last  in  Section 
2,2.4. 

2.2.2  Simulation  neveloamenr 


2.2.2.]  Mci-hanixation  and  ''Validation  of  the  Math  Model 

The  m.atli  model  in  botli  pliases  of  the  Northrop  simulation 

was  devL-loped  in  the  Vertol  Hyljiid  Simulation  Labo?:atory  dur- 
ing ] 97 ] .md  1972.  P complete  description  of  this  model  and 
its  Vertol  coiiij)uter  mechaiM x.rt: i on  is  inc:luded  in  Vertol  Docu- 
ment Dio  1 - 1 9 1 -I H- 1 , titb'd  "Full  Flight  i-invelope  Maith  Model  for 
347/IiLH  Cont/ m1  Sy^;tem  Aniil\ses  - Cfintrol  Document"  (Reference 
7)  . 


Lriid  ;;yn.'>p.sis  <d  t.u-  more  imnortant  features  of  the  model 
IS  p.esenti'o  in  thi-  si'cticn  cjt  the  report. 
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47/HLH  Tandem  Helicopter  '.ircraft  cal  Model 


2 . 2 . 2 . ,1  , 1 


Math  Model  Features 


AIRFRAME  AWD  EQUATIONS  OF  MOTION  - The  total  force  tandem 
helicopter  airframe  math  model  shown  in  Figure  94  (and  de- 
scribed in  Reference  7)  is  based  upon  a set  of  six  fully 
coupled  rigid  body  equations  of  motion.  These  equations  cal- 
culate body  axis  linear  and  angular  airframe  accelerations  from 
a summation  of  rotor  and  fuselage  forces  and  moments.  Accel- 
erations are  integrated,  and  tlien  resolved  to  produce  body  and 
rotor  system  linear  and  angular  velocity  components,  and 
fuseliige  Euler  angle  rotations.  Angle  of  attack  and  sideslip 
values  are  computed  next  for  both  rotors  and  the  fuselage. 

These  iire  used,  in  turn,  along  with  rotor  inflow  and  advance 
ratio  information  (and  control  system  inputs)  to  determine 
rotor  and  fuselage  forces  and  moments.  The  forces  and  iiioments 
are  summed,  resolved  back  into  the  aircraft  body  axis  system., 
and  tlum  the  computational  cycle  again  repeats  itself  with 
calculation  of  t,he  acceleration  set. 

Rotor  farces  and  moments  may  be  determined  in  two  ways.  The 
simplest  utilizes  classical  theory  to  compute  the  six  forces 
and  moments  generated  by  oacli  rotor.  A linear  section  lift 
slope  and  parabolic  drag  variation  is  assumed  in  the  classical 
approach.  First  harmonic  flapping  assumptions  are  also  made 
in  the  determination  of  coning  and  longitudinal  or  lateral 
flapping . 


alternative  (and  more'  accurate?)  rotor  solution  involves  the 
use  of  pre- -compu ted  forces  .ind  moments  in  tlio  form  of  "Rotor 
Maps".  Tfu'.uiiO  nicipB  a.re  derivivl  with  a comprehensive  rott.r 
analysis  v/hicli  L'onsi  d>'rs  tlii?  of  foots  of  compressibility  and 
stall.  Map  data  are  exfU’ <;.  s;u‘d  in  the  rotor  wind  axis,  and  are 
stored  in  digital  talniir  ii.rni  in  th<'  computers. 

In  addition  to  h.isic  aircr.itt  calculations,  the  eijuations  of 
motion  also  accommoda te  lorc.-e-s  and  moments  produced  by  an 
ext.i'inal  sling  Ifjari.  'rv/o-point  inverted-Y  and  -V  suspension 
sydomi.s  iHoy  he  us«d,  an.i  lug  id  1 ects  ol  quas  i -st.,.it  1 1’  load 
ae  ' ' y ! isiii  o ■ : ; oaii  also  lie  . on:;  iiie  ri-d  . 

01  1 ai!  tr.iiiie  ir.at!'  ii  od'.d  feiit.uia?;;  iia-ludo  the  eapahility  for 

i;v;  ■ I i eitlsa  sti  a'dy  so  nds  lar  a raniiom  gust  .seejuener-  cm  the 
h ■ 0-'  i?r  , A’l  ena  i ne-  ■lo'ea  noi  and  rotor  dyna.’id''  shalt  system 
j.s  t 1 o.  moiicli'tl  * ci  pir'ivide  ij  la.Loi  ;apfai-d  (li-grei'  of  t ret?dom 
whio);  responl  to  <■  iwani ) ? 's  in  at  i>  idynaiuic'  to;  que  requirement 

a rut  en  e powor  .e.’  ii  laijle. 


CONTROL  SYSTEM  - A rather  complete  ropresfintation  of  the 
mechanical  and  automatic  f]  iqht  cojitrol  systems  is  included  in 
the  simulation  math  model.  Mechanical  control  runs  from  the 
cockpit  CO  the  rotor  system  are  provided.  Control  mixing  and 
upper  boost  dynamic  characteristics  are  simulated  as  are  inter- 
connections for  tlie  347  SAS  or  SCAS  systems.  Interfacing  of 
the  AFCS  and  DELS  through  a series  of  "frequency  splitters"  was 
modeled  along  with  ^'he  dynamic  characteristics  of  cockpit  con- 
trol backdrive  actuator  for  each  AFCS  axis. 

2. 2. 2. 1.2  Mechanization  and  Validation  of  Simulation 

VERTOL  EFFORT  - The  matli  model  just  described  and  illustrated 
in  Figure  94  was  programrued  at  Ver_ol  on  four  AD-4  analog  com- 
puters coupled  to  an  IBM  360-44  digital  orocessor.  Rotor  maps 
and  selected  control  systems  or  airfram.e  functions  were  stored 
in  twin  BCA  digital  mini  computers. 

A "checkout"  347  SAS  was  mechanized  on  one  of  the  AD-4  comput- 
ers, ind  the  liLH  demonstration  AFCS  for  the  347  in  the  360-44. 
The  AFCS  control  law  model  was  prograimmed  using  the  VECEX 
(Vector  Execution)  system,  which  permits  control  law  "patching" 
in  the  digital  computer,  using  techniques  similar  to  those 
applied  on  an  analog  computer.  AFCS  logic  was  programmed  on 
three  AD-4  computer  consoles. 

Initial  model  validation  consist. >d  o1  comparing  unpiloted  trim, 
derivative,  and  dynamic  response  results  (for  both  augmented 
and  unaugmented  flight  conditions)  wit!)  predicted  data.  Pro- 
grams used  to  ejenerate  the  validation  uiedictions  had  pre- 
vicn.’sly  ))er»n  vf'rii  iod  wit>i  fl  icili*.  test  results. 

Wlien  the  simulation  model  chcicked  against  the  tlieoretical  pre- 
dictions, a series  of  runs  were  made  using  ar rual  control 
inputs  generated  in  an  e?arlier  347  flight  test  program.  Heli- 
copter responses,  both  with  and  without^  external  si  lug  loads 
attached,  v'^rc  checked  against  the  flight  results.  An  example 
of  tins  simulation  validation  against  test  data  is  presented 
in  Figure  93.  (iood  correlation  was  shown  to  exist  for  vir- 
tually all  test  points  compared. 

In  preparatior.  for  ineclianizing  the  matdi  model  at  Northrop,  a 
decision  was  made  to  program  the  AI'CS  simulation  model  on  two 
C.E  JCi'-0(J2  in'-rement  al  computers  at  Vertol  . 'I'fie  purpose  of 
this  was  to  provitie  f ami  1 iar  ty  in  programming  Ly  using  l.i(jliL 
control  computers  siimlar  to  those  that  world  Le  installed  on 
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the  347  Flight  Research  Vehicle.  An  additional  ob  ject  ivo  was 
to  eliminate  the  necessity  for  progranmiing  the  detailtvl  AFFS 
control  laws  on  the  Northrop  computers,  thereby  savin<i  a sub- 
stantial amount  of  time  and  money  at  the  contractor  sinmlati  n 
facility. 

Unpiloted  validations  of  the  GE  computer  pro  iraimned  cc  nti  1 
laws  were  made  against  VECEX  results  by  comparinr]  ajicrati 
pulse  control  responses  for  both  AFCS  models.  'I'ypi'^'al  F.ata 
from  this  comparison  are  illustrated  in  Figure  96. 

Correlation  between  the  two  AFC3  modeling  apprrjache.;  is  shown 
in  the  figure. 

.As  expected,  the  GE  modeled  AFCS  produced  aircraft  respi  nst  s. 
which  were  very  slightly  more  damped  than  tlie  ViX'EX  ass(  >c  i al  (',i 
runs.  This  characteristic  was  due  to  a substantially  reclucoo. 
.simulation  time  frame  permitted  by  the  incremental  computer./. 
The  lower  time  frame  more  closely  approxi.mated  actual  con- 
dition;. on  the  347  test  aircraft. 

A limited  Nudge  simulator  validation  of  the  AFCS  control  laws 
and  logic  was  flown  by  Vertol  pilots  just  before  the  GE  com- 
puter.s  were  sliipped  to  Northrop,  Final  AFCS  updates  were  pro- 
grammetl  at  this  time. 

:o)R'.''!!ih)P  MATH  MODEL  MECTIANTZA'l’ ION  AND  CHECKOUT  - Ihe  mechani- 
cal control  system  and  checkout  AFCS  math  models  were  pro- 
grammed on  an  EAI  81*00  hybrid  computer  (consi  .sting  of  Model 
8-100  I Lgital  and  Model  BBOO  analog  components),  and  on  two 
li  i <jh-c.ipacity  Comcc.'r  5000  analog  computers.  A l’DI>-9B  dicjital 
mi  nicon  oute  t:  was  used  for  rotor  map  storage.  'ITiese  computers 
wei  e tr  inked  together  (and  to  the  simulator)  as  shown  n the 
riijure  07  block  dia<iram  schematic. 

AF  ';:  lO'.Li-  was  patched  on  the  Model  8800  analog  console.  A 
small  analog  Comcor  175  computer  was  utilised  to  model  t!ie 
cockpit  Longitudinal /lateral  stick  and  rudder  pedal  force-feei 
systems  (aid  CCDA  actuator  characteristics)  for  the  347  air- 
< raft.  An  -tlier  I M5  provided  motion  monitoring  capability  for 
the  large  amplitude  simulator.  A tliird  175  analotj  was  pro- 
<irammeii  with  the  Load  F.tabi  I i zation  System  control  laws. 

Motion  and  visual  drive  equations  for  butli  s.imulators  were 
programmed  (in  assembly  co(te)  on  tiie  EAI  B40U  digital  computer, 
'file  iA..5AVAVy  drive  cijuations  were  already  in  e.xistence  and 
checked  out  when  3-r7/llL]l  math  model  [iirogrammi  ng  was  ;;Larted. 

Drives  fiu'  the  rotationttl  simulator,  on  the  I'ther  hand,  liaii  to 
bo  rederived  and  revalidated  becauso  of  a requirement  to  -iro- 
qram  them  di  iitallv,  instead  of  using  an  analog  cOiiiputm  as  in 
previous  simulations.  Mlie  iligital  mechan  i /'.at  i on  was.  dictated 
by  a lack  of  analog  comouting  capacity  at  tlie  tacility,  and 
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becau!5e  the  rearward  facing  load  crewman  orientation  required 
several  axis  transformations  which  were  more  easily  handled 
in  the  digital  computer. 

Validation  of  ehe  math  model  at  Northrop  was  accomplished  in 
essentially  the  same  manner  as  at  Vertol.  Also  validated 
before  the  Phase  I program  were  the  cockpit  stick  and  rudder 
pedal  force  feci  and  CCDA  cl aracteristics . 

2. 2. 2. 2 Simulator  Description  and  Checkout 

2.2.2.2-1  LAS/WAVS  Phase  I Simulation 

Tlie  large  amplitude  Northrop  f ive-degree-of-freedom  simulator 
utilizes  a cockpit  module  suspended  on  the  end  of  a beam  as 
shown  in  Figure  92.  Tlie  cockpit  is  free  to  roll,  pitch  and 
yaw  and  move  sidewards  or  up  and  dovvm  to  emulate  motion  of 
the  aircraft  being  simulated.  No  longitudinal  translation 
capability  is  provided,  but  accelerations  along  this  axis  are 
simulated  with  cockpit  postular  tilt. 

VISUAL  DISPLAY  --  'Ihe  visual  x'epresentation  is  generated  for 
the  pilot  by  projection  of  a sky-earth-morntain  panorama  on  a 
spherical  screen  mounted  around  tlie  cockpit  module.  This 
visual  scene  is  adequate  for  VFR  maneuvering  throughout  tlie 
cruise  and  low-speed  range  of  the  flight  envelope.  Precision 
hovering  cannot  be  performed  with  accuracy,  however,  due  to  a 
lack  of  terrain  detail.  For  this  reason,  testing  was  shifted 
to  tlie  Rotatioiiul  simulator  with  its  superior  "point  light 
source"  visual  system  for  the  Phase  il  hover  Tlold/LCCC  simula- 
tion program. 

MOTION  DRIITJS  - TTie  approach  to  motion  simulation  developed  by 
Northrop  and  utilized  in  both  simulators  is  described  in  depth 
in  References  8 and  9.  Basically,  an  attempt  is  made  to  create 
for  the  pilot  an  illusion  of  motion  assticiated  with  flight 
which  produces  angular  velocity  and  "specific  force"  sensa- 
tions similar  to  those  of  the  real  world;  without  causing  the 
simulator  to  "bot.tom"  on  its  moti(<n  stop;;  or  to  generate 
invalid  force  or  voloc?ity  cues.  l^pecific  force  is  the  appar- 
ent force  at  the  pilot's  station,  anri  is  the  quantity  felt 
when  pressure  is  applied  to  the  body  surface  or  joints.  It  is 
defined  in  Reference  0 as  the  "sum  '.d  the  vehicle's  external 
forces  divided  by  vehicl(>  mass,  less  the  ejiravitat ional  compon- 
ents" (which  the  pilot  docs  nut  lu-rmally  {>erceive). 

In  the  1J\S  motion  drive  meichani  zat:  .n  ui , ancfular  rate  of  th(‘ 
simulated  aircraft  is  high  pass  f.Ltoreil  initially  and  is 
then  integrated  to  form  an  attitiule  command  for  the  cockpit. 
Prior  to  integration,  .specific-  iorce  is  addt'd  to  the  ancjular 
rate  s hpia 1 (in  the  term  of  longitudinal  or  lateral  accelera- 
tion corrected  for  gravity)  tian.iKjh  use  oi  a "coordinatincj " 
lead-lac}  circuit.  'llie  comhined  network  atter.uates  the  computed 


aircraft  attitude  to  an  angle  which  results  in  the  formation 
of  correct  steady  state  lateral  and  longitudinal  accelerations 
using  only  gravity  components  (in  the  form  of  postural  tilt). 
I’he  "coordinating"  circuit  facilitates  wide  band  specific 
force  recovery,  and  at  the  same  time,  limits  simulator  travel 
because  of  the  nature  of  its  overall  transfer  function. 

The  iotational  simulator  motion  drive  mechanization  is  similar 
to  the  one  just  described,  but  it  utilizes  low-pass  filters  in 
place  of  the  "coordinating"  circuit.  This  first  order  filter 
minihtizes  the  false  angular  velocity  sensations  accompanying 
rotation  to  an  attitude  which  produces  the  desired  preception 
of  longitudinal  and  lateral  acceleration. 

COCKPIT  SETUP  - The  simulator  cockpit  cab  layout  for  the  Phase 
I evaluation  was  configured  to  represent  the  right  hand 
pilot's  station  in  the  347  cockpit.  A conventional  arrange- 
ment of  stick  and  pedals  was  included  in  the  basic  simulator 
cab,  and  the  force  feel  characteristics  for  these  controls 
were  provided  by  a set  of  rotary  hydraulic  servo  actuators 
mounted  under  the  floor.  The  347  breakout  and  linear  force 
gradients  (with  hysteresis  included)  were  simulated  as  were 
the  mag  brake  and  beep  trim  systems.  CCDA  backdrive 
actuator  characteristics  were  also  modeled. 

The  collective  stick  installed  in  the  cockpit  was  a standard 
CH-47B  component  with  electromechanical  servo  trim  actuator 
and  magnetic  brake  attached.  This  actuator  was  similar  to 
the  one  used  in  the  347  aircraft  during  the  HLH  AFCS  demonstra- 
tion program. 

The  arrangement  of  the  simulator  panel  instruments  duplicated 
the  right-hand  quadrant  and  glare  shield  in  the  347  Flight 
Research  aircraft.  Basic  flight  instruments,  engine  and  rotor 
gauges,  and  special  instrumentation  associated  with  the  HLH 
AFCS  evaluation  were  installed  on  the  panel.  During  the  Phase 
I program,  the  following  instrumentation  was  operational: 

Basic  Flight  Instruments 

• Airspeed,  barometric  altitude,  vertical  speed,  radar 
altitude,  turn  and  slip 

o ADI  (attitude  director  indicator)  and  HSI  (horizontal 
situation  or  heading  indicator) 

Aircraft  Instruments 

• Rotor  speed,  combined  engine  torque 
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• LdnqitiuUnal  q ruvuuispeecl  (vortical  strip  indicator), 
latoral  croundppood  ^lorizontal  strip  indicator) 

e 147/lILH  mode  select  panel 

SIMULATOR  aiECKOUT  - Ail  trxink  inq  to  and  from  the  simulator 
complex  was  checked  to  verify  the  foiqns  of  motion  and  visual 
drive  siqnals,  etc.  Cockpit  instrumentation  was  calibrated 
and  exercised  open  loop,  as  were  the  various  mectianical  con- 
trol force  feel  drives  and  CCIM  actuator  mechanizations.  The 
force  feel./maq  brake  system  was  verified  by  a Vertol  test 
pilot  to  ensure  characteristics  similar  to  those  on  the  347 
aircraft.  Beep  trim  motor inq  of  the  sticks  was  also 
validated. 

2. 2. 2. 2. 2 Low-Speed  Rotational  Phase  II  Simulation 

'Ihe  rotational  flight  simulator  is  a f ive-deqree-of-f reedom 
device  v/hich  provides  pitch,  roll,  and  yaw  angular  motions 
along  with  capability  for  limited  vertical  and  longitudinal 
movement.  No  lateral  translation  is  incorporated  in  the 
motion  base,  but  lateral  accelerations  are  simulated  with 
postular  tilt  as  described  in  the  previous  section. 

MOTION  DRIVES  - The  primary  servo  drive  actuators  for  the 
simulator  cockpit  cab  are  arranged  in  pairs  with  two  oriented 
horizontally  ami  two  vertically.  separate  actuator  system 
rotates  the  cab  about  ats  Y-Y  axis  to  provide  pitching  rriotion 

Rotation  of  the  cockpit  about  its  yaw  axis  is  faciJ itated  by 
differential  operation  of  the  horizontal  actuators.  Although 
these  two  actuators  can  be  operated  together  to  provide  longi 
tudinal  X motion,  this  capability  was  not  utilized  during  the 
Hover  Hold  simulation  in  order  to  preserve  actuator  authority 
for  the  yaw  degree  of  freedom. 

Rolling  motion  is  'level '^iped  by  differential  extension  of  the. 
vertical  actuators.  A .mall  am<junt  of  simultaneous  vertical 
actuator  travel  is  permit-*  ed  to  generate  a vertical  motion 
cue  for  the  pilot.  The  vertical  authority  is  deliberately 
maintained  at  a low  level  t(.)  prevent  degradation  of  .coll  axis 
motion. 

As  indicated  earlier,  cab  orientation  for  the  Hover  Hold 
Phase  II  simulation  represented  a rearward  facing  load  crew- 
man's station  whicli  is  located  substantially  forward  of  and 
below  the  aircraft  center  of  gravity.  Correction  terms  were 
incorporated  in  tlie  dirjital  motion  drive  equations  to  account 
for  the  moment  arms  of  the  LCC  cab. 
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r-OINT  I.IGHT  SOURCE  VISUAL  DISPLAY  - The  visual  display  for  the 
Rotational  simulator  is  one  of  the  most  realistic  available 
for  low-speed  and  hover  operations.  It  consists  of  a trans- 
parent terz'oin  model  mounted  above  the  pilot's  head,  through 
v.'hich  light  from  a very  bright  point  source  (located  above 
the  transparency)  shines,  to  develop  an  image  on  a spherical 
screen.  Figure  92  shows  how  the  200-by-107“degree  screen  is 
positioned  relative  to  the  cockpit  cab. 

Mechani.cal  drives  for  the  transparency  are  provided  by  a six- 
degree-of-freedom  servo  actuator  complex  which  permits  continu- 
ous rotation  of  the  model  (in  the  X-Y  plane)  during  extended 
yaw  maneuvering.  Hie  software  equation  drives  for  the  visual 
display  are  set  up  to  move  or  rotate  the  transparency  in  con- 
junction with  cab  motion,  so  as  to  produce  the  correct  appar- 
ent aircraft  attitude  and  location  within  the  confines  of  the 
transparency  visual  field  of  view. 

For  the  Hover  Hold/LCCC  simulation,  a 750-to-l  scale  model 
of  an  airport  with  surrounding  countryside  was  utilized.  A 
number  of  prominent  features,  such  as  runways,  hangars,  trucks, 
trees,  etc.  were  simulated. 

Because  of  the  presence  of  these  items,  excellent  visual  peri- 
pheral cueing  was  available  to  the  load  crewman  pilot  for  low- 
speed  and  hover  maneuvering.  Ti.'.  operational  area  available 
within  the  VFR  range  of  the  750:1  transparency  was  approxi- 
mately 1500  feet  by  1500  feet  (full  scale) , and  altitudes  up 
to  62  5 feet  abcre  the  surface  were  usable. 

COCKPIT  CONFIGURATION  - The  rotational  simulator  cockpit  was 
configured  as  a load  crewman's  station  with  the  Phase  I 
instrument  and  Mode  Select  panels  installed  for  test  purposes. 
Also  provided  on  the  left  hand  top  side  of  the  LCC  panel  was  a 
CRT  tracking  scope  which  simulated  the  visual  augmentation  dis- 
play on  the  demonstrator  aircraft.  Its  purpose  was  to  aid  the 
simulation  pilot  in  evalviating  precision  hover  tracking  and 
position  hold  tasks.  'flie  "inside  out"  fly-to  horizontal  dis- 
play depicted  a T-shaped  target  as  if  it  were  being  viewed 
from  a window  in  the  bottom  of  the  helicopter.  A variable 
scale  grid  (representing  +5,  50,  or  500  feet)  was  superimposed 
on  the  CRT  face  along  with  simulated  reference  marks  for  the 
tracking  exex'cises.  Pilot  selectable  scale  changes  were  made 
possible  by  turning  a selector  knob. 

The  prototype  LCC  controller  (later  used  on  the  347  flight 
program)  was  installed  along  with  an  adjustable  arm  rest. 

This  is  the  finger/bail  unit  described  in  Section  2.1.4. 

For  the  BOA  #12  tests,  another  controller  was  also  installed 
for  comparative  evaluation  with  the  finger/ball  configura- 
tion. This  four-axis,  right-hand  grip-type  controller  (known 
as  the  mockup  LCCC)  was  configured  with  a thumb  yoke  for 
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proportional  control  of  the  vertical  axis.  It  was  used  in  an 
earlier  LCCC  design  review  at  Vertol  and  was  specially  modi- 
fied with  rotary  potentiometer  transducers  for  the  Northrop 
simulation . 

A complete  in  depth  description  of  both  LCC  units  is  presented 
in  the  BOA  #12  report  (Reference  10) . 

SIMULATOR  CHECKOUT  - To  prepare  the  simulator  for  the  Phase  II 
program,  a comprehensive  calibration  and  frequency  response 
test  was  performed  on  all  motion  and  visual  drive  actuators. 
Actuator  servo  valves  and  feedback  transducers  were  overhauled 
as  necessary,  and  special  actuator  compensation  networks  were 
developed  and  validated  to  ensure  motion  and  visual  drive 
fidelity. 

Calibration  tests  with  both  LCC  units  installed  in  the  cockpit 
were  per<"ormed,  as  were  open  loop  drive  tests  with  the  track- 
ing scope.  Normal  testing  of  simulator  trunking,  including 
checks  on  the  signs  of  analog  signals  and  sense  of  logic 
discretes,  etc.,  were  carried  out  prior  to  piloted  validation 
of  the  simulation. 

2.2.3  Northrop  Phase  I 347/HLH  ARCS  Pilot's  Simulation 

Phase  I simulation  activities  are  described  in  four  segments, 
including  major  program  objectives,  pre-test  preparations, 
test  program,  and  principal  results. 

2.2, 3.1  Objectives 

In  addition  to  the  general  goals  stated  at  the  beginning  of 
this  section,  a number  of  specific  objectives  were  also  set 
for  each  simulation  phase.  Detailed  objectives  adopted  for  the 
Phase  I program  are  listed  below: 

(1)  Optimize  ARCS  control  law  and  logic  concepts  for  the 
basic  high-  and  low-speed  SCAS  (including  determination 
of  proper  frequency  splitter  settings)  to  produce  the 
desired  level  of  handling  qualities  for  the  HLH 
mission . 

(2)  Conduct  static  and  dynamic  stability  evaluations  in 
all  axes.  Assess  maneuverability  and  controllability 
with  final  control  pickoff,  beep  trim,  and 
"security  blanket"  settings  incorporated. 
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(3)  Refine  and  evaluate  the  following  selectable  modes 
and  or  automatic  control  features : 

«>  Automatic  Hover  Trim 

• Automatic  Altitude  Hold 

• Velocity  Mode  Transfer  Switching 

• Ride  Qualities  at  the  Pilot's  Station  with  the 
PHS  Engaged 

(4)  Investigate  aircraft  transient  behavior  subsequent  to 
the  following  types  of  simulated  AFCS  or  DELS  failure: 

• AFCS  Engagement  and  Disengagement 

• Triplex  AFCS  Computer  Hardovers  (Individual  and 
Multiple  Axis) 

• Reversion  from  DELS  to  Mechanical  Backup  Units 
2. 2. 3. 2 Pre-Test  Preparations 

A limited  fixed-base  checkout  was  run  by  Engineering  and 
Test  Pilot  personnel,  where  the  sky/earth  visual  projection 
system  was  operating  along  with  the  airframe  and  AFCS. 

Visual  drives  were  verified  at  this  time.  Concurrent  with 
the  fixed-base  activity,  calculations  were  performed  using 
Model  347  stability  derivative  data  to  define  a preliminary 
set  of  coefficients,  gains,  time  constants,  etc.,  for  use 
in  the  motion  drive  mechanization. 

2.2. 3.  3 Phase  I Test  Progreun 

The  entire  Phase  I simulation  test  effort  is  outlined  in 
Table  9.  Detailed  are  the  principal  piloted  and  unpiloted 
evaluations  carried  out  to  meet  program  objectives.  Eight 
test  flights  were  conducted  over  a period  of  19  days,  during 
which  time  34-1/4  hours  of  simulator  flight  time  were 
acquired.  In  addition,  60  hours  of  nonpiloted  testing  were 
accomplished  to  validate  the  math  model  and  AFCS  (as  described 
previously)  before  piloted  testing  started.  After  commence- 
ment of  flight  activities,  an  additional  11-1/2  hours  of 
nonpiloted  computer  evaluations  were  performed  as  the  AFCS 
was  updated  and  refined. 
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Portions  of  three  flights  were  utilized  at  the  start  of  the 
flight  program  to  sort  out  motion  drive  problems.  Simulator 
roll  axis  drive  coefficients  were  modified  several  times  to 
produce  satisfactory  response  characteristics,  and  minor 
changes  were  made  in  other  axes.  Once  a realistic  simulation 
of  aircraft  motion  was  achieved,  a static  and  dynamic  stabil- 
ity evaluation  of  the  basic  347  was  made  to  compare  with 
previous  experience  in  this  test  aircraft. 

Pilot  comment  indicated  that  a very  realistic  and  represent- 
ative model  of  the  347  helicopter  existed  in  the  simulation. 
The  unaugmented  roll  rate  damping  was,  however,  felt  to  be 
lower  than  in  the  actual  aircraft. 

2. 2. 3. 4 Principal  Simulation  Results 

The  preliminary  evaluation  phase  of  AFCS  testing  revealed  a 
number  of  problems  associated  with  operation  of  the  high- 
speed limited  roll  attitude  lateral  stick  gradient  ("security 
blanket"),  roll  and  yaw  beep  trim  characteristics,  and  the 
altitude  hold  and  hover  trim  selectab) o modes.  Problem 
areas  were  quickly  identified,  and  modifications  to  AFCS 
design  para.meters  and  logic  were  made  to  improve  system  per- 
formance based  on  pilot  comments  and  ratings, 

A summary  of  the  changes  required  in  each  A-CS  axis  is  given 
next.  In  general,  reference  to  the  four  Al^jG  block  diagrams 
presented  earliex  in  the  design  analysis  (Figures  14,  23,28, 
and  30) , will  clarify  the  reasoning  behind  any  control  Jaw 
and  logic  changes  described.  Although  these  diagrams  repre- 
sent the  final  flight  test  AFCS  configuration,  they  are 
sufficiently  close  to  those  utilized  in  the  simulation  to  be 
of  value  in  understanding  the  system  modifications. 

2. 2, 3. 4.1  AFCS  Modifications 

LONGITUDINAL  AXIS 

a.  The  low- speed  LCP  control  schedule  was  phased  in  over  a 
lower  groundspeed  region  (25  to  40  i.nots)  . Hover  gain 
was  lowered  to  improve  low- speed  longitudinal  response 
characteristics  to  pilot  control  inputs,  and  to  prevent 
saturation  of  the  authority  limits. 


b.  Automatic  hover  trim  acquisition  control  loops  were 
modified  to  provide  an  acceptable  deceleration  rate  and 
pitch  attitude  response  during  transition  from  high  to 
low  speed,  and  to  minimize  overshoot  in  groundspeed  as 
the  aircraft  approaches  hover. 

c.  Longitudinal  stick  feed  forv/ard  gains  were  changed  to 
provide  an  acceptable  pitch  attitude  response  when 
velocity  feedbacks  are  off.  The  longitudinal  stick 
gain,  which  was  originally  summed  in  before  the  track- 
store  element,  was  eliminated  and  the  entire  amount  add- 
ed in  after  the  track-store  element. 

LATERAL  AXIS 

a.  Lateral  velocity  control  gradient  at  low  speed  was 
increased  to  53  knots/inch  to  improve  harmony  with  the 
longitudinal  velocity  gradient. 

b.  Lateral  control  response  at  high  speed  was  desensitized 
by  reducing  the  lateral  stick  pickoff  gain. 

c.  The  parallel  lateral  control  backdrive  gain  in  the  lat- 
eral velocity  mode  bias  eliminator  was  reduced  to 
satisfactorily  backdrive  at  low  airspeed.  An  additional 
path  was  also  added  to  increase  the  backdrive  gain  at 
high  airspeed. 

d.  Scheduled  roll  attitude  gain  (FLAD)  was  replaced  with  a 
fixed  value  gain  (.05  inch/degree),  to  provide  a con- 
stant 10.0-degree  limitation  to  the  roll  attitude/ 
lateral  stick  gradient  at  high  speed.  (Note  that  the 
10-degree  limitation  was  reduced  to  5 degrees  in  the 
flight  test  program  to  improve  sluggish  rollout 
response  characteristics.) 

e.  Logic  L-43  was  modified  to  provide  acceptable  operation 
of  the  lateral  "security  blanket"  function  over  the 
entire  high  speed  range.  The  position  of  the  lateral 
stick  reference  synchronizer  activated  by  the  logic 
L-43  was  also  relocated  to  track  the  error  difference 
between  the  lateral  stick  position  and  roll  attitude 
response,  rather  than  absolute  stick  position  only. 

This  new  mechanization  improved  the  accuracy  of  the 
roll  attitude/lateral  stick  relationship  within  the 
limited  roll  attitude  gradient  region,  and  resulted  in 
smaller  deviations  from  reference  roll  attitude  when 
the  aircraft  was  allowed  to  retrim  after  release  of 
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lateral  control  loices.  Fiqure  OB  shows  the  improved 
L-43  logic.  Figure  90  illustrates  a typical  roll 
maneuver  time  history  with  the  revised  logic,  where  the 
pilot  stabilizes  at.  a roll  attitude  without  retriraming 
the  stick  forces,  and  then  releases  the  stick  to  return 
it  to  a zero  force  reference  condition. 

f.  Bank  Angle  Synchroni zat ion  L-j  logic  was  changed  to 
provide  differential  roll  attitude  beep  capability  past 
the  10.0-degree  limited  roll  attitude  (gradient  region. 
Prior  to  the  cliange,  the  bank  angle  synchronization 
loop  latched  in  a "sync"  condition  and  prevented  roll 
attitude  beep  trimming  outside  the  10.0- degree  limited 
roll  attitude  control  gradient  region.  Figure  98  shows 
L'he  revised  1.-3  lo'jic  at  the  t.op.  A timo  history  shov;- 
ing  lateral  beep  trim  c.-haracter  i sties  after  the  logic 
change  is  presented  in  Figure  100.  In  addition  to  the 
logic  modification,  the  differential  roll  attitude  beep 
trim  rate  was  increased  to  3.2  deg rc a-;s/.socnnd . 

g.  Transient-free  switching  of  the  lateral  '.velocity 
reference  when  accelerating  with  the  lateral  stick  in 
detent  at  steady  bank  angle  reejuired  the  addition  of  a 
velocity  mode  change  discrete  to  L-3  logic.  The  one- 
shot  discrete  torccs  the  bank  amjle  synchronizer  into 

a stabilize  condition  when  switching  from  a groundS[)eed 
to  airspeed  left.^rence  and  causes  the  bank  angle  to 
hold  throughout  the  tra.ns  i t.  ion . Figure  9B  shows  the 
additional  discrete  added  to  the  L- .1  logic  network. 

DIRECTIONAL  AXIS 

a.  Directional  control  response  at  low  speed  was  desensi- 
tized by  reducing  the  pralal  pickoff  gain  by  a factor 
of  four. 

b.  Yaw  ciccelerat  ion  tes[>onse  to  parallel  la-cgi  trim  ol  the 
pedals  was  loup.'l  unacceptaf>l e in  low  speed.  A d.iffer- 
ential  heading  beep  trim  input  to  rho  heading  hold 
synchronizer  was  1 ound  necessary  to  provide  precise 
heading  adjustments  at  low  speed.  A modification  to 
the  heading  hold  logic  I.-5  v;as  also  necessary  to 
accomplish  this  function. 
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L-3  BANK  ANGLE  SYNCHRONIZATION 


aROONO  CONTACT  (L-l) _ ^ 

VELOCITY  REFERENCE  (OUSaA) 

COUPLED  AUTO  APPROACH /NAV  OUIDANCE  MODE 
LATERAL  AFCS  ENRASE  — [[NV} 


LATERAL  STICK  OUT  OF  DETENT 


DIFF  ROLL  ATTITUDE  BEEP  TRIM-flNvU 


LAT  STICK  BEEPTRIH 

CYCLIC  MAR  BRAKE  DEPRESSED 


-«{SYNC  BANK  ANRLe] 


OR  ^ 

i>.i5)— V r 


IROLLRATEI  >1  0 OER/SEC 
ROLL  ATTrrUOE  THRES!IOLO(lEI 
VELOCITY  REFERENCE  MOOECHANRE*'^-{Tnv] — 

DIFF  ROLL  BEEP  TRIm'LL 
LAT  STICK  BEEP  TRIM*Ll 


AND 


(I)  INDICATE  CHANRE  TO  LOBIC 

L-43  LATERAL  STICK  REFERENCE  SYNCHRONIZER  (SECURITY  BLANKET) 


LATF.RAL  STICK  OUTOF  JCTENT- 

lateral  stick  beep  trim 

CYCLIC  MAS  BRAKE 

IROLL  ATTITUOEI  > I ODER  — 


OPERATE  BANK  A'  3LE 
— • ERROR  8'  INAL  FRoM 
REFERENCE 


FIGURE  98. 

HLH  AFCS  SIMULATION  LOGIC  RECOMMENDED  REVISION 
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VERTICAL  AXIL 

a.  The  collet'Cive  ('(’LA  r <i  I e limit  (G.th  i nch/soc’ond)  was 
fouiui  to  he  ua.u  (;.;|)t;.ih  ly  sl',)'w  to  ot'tain  a satisfactory 
aititude  liohi,  i-',)  i t.  i i :u  1 a r 1 y lor  the  high  qairi  radar 
mode.  In  a(i;l  i i i f.)n  , api)r  ox  i ma  Le  1 y 0 . 2 ‘3  inches  (jf  dead 
zone  in  the  collective  actuator  linkage  al  Lcjwed  some 
drift  and  long-term  1 i i;;  i I cycle  in  the  altituide 
responr.e  . 

A differential  ouLiJUt  command  [oitfi  w.is  adiiei't  to  the 
vertical  AFTf.  l.o  obtain  an  acceptable  altitude  hold 
mode.  A.lso,  f-h.e  vertical  acceler.it  i aan  cjain  was  increased 
by  a fact.oi  oi  four  to  j-aovide  aiiditicjnal  vertical 
damping . 

b.  As  a result  oi  the  Phase  1 simulation,  further  study 
of  the  vert  ical  axis  w.is  indicated  prior  to  the  flight 
test  program,  to  define  limitatio.ns  imposed  by  actuator 
dynamic  response  characteristics.  Alternate  gain, 
shaping,  and  differential  authority  configurations  to 
imjirove  tht-  radar  liold  mode  were  to  be  evaluated, 

2. 2. 3. 4. 2 Pilot  Evdluati(.)n  Results 

Table  10  presents  a [iilot  lat.  ing  .summary  tor  tests  and  maneu- 
vers flown  witli  tli‘.’  fiiia!  AF(,'.s  con  f igura  t ion . Virtually  all 
pre-teart  handl  iru)  gual  itiea,  objectives  v/ere  either  met  or 
exceeded,  as  indicated  by  the  Coopor-Harpe t ratings  given  most 
maneuvers  and  control  system  features . The  vertical  axis/ 

CCDA  deficiencies  identilicd  in  the  simulation  were  analyzed 
'nd  solutions  were  latcir  [irfiposed  for'  the  flight  test  program. 

SIMULATED  AFC.S  AN!)  DELS  fAiLIIRE.S 

Authority  and  rate  lindLer  .;ettings  for  the  frequency 
splitters  (de-scribed  in  Se'-t  icri  2.1.3.1.01  were  developed 
during  the  AFtf  r e L i i,i  natq  eviiuating  test  phase.  In  the 
latter  part  ol  the  s i;iiu  1 at  .i  on  , the  e f f ect  i vr'ness  oi  these 
splitters  for  attenuating  aircrutt  tr^;nsient  response 
resulting  fron\  AFC.S  hardovor  failures  was  evaluated. 
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TABLE  10. 


PHASE  I - NORTHROP  I’ULL  FLIGHT  ENVELOPE/ 
LARGE  MOTION  BASE  SIMULATION 


FLYING  QUALITIES  RATING  SUMMARY 


Evaluation  Items 


(1)  Pulse  and  step  response  characteristics 

(all  axes)-  well  damped  at  all  airspeeds. 


(2)  Beep  rates  and  trimmability  - capability 
for  precise  adjustment  of  aircraft  pitch, 
roll,  and  yaw  at  all  speeds 


PITCFI 


ROLL 


Low  Speed  - Parallel 


Parallel  Differential 
Heading) 


High  Speed  -Parallel 


Paral Lei 
(()><10°) 
Differential 

(<J)>10°) 


Parallel 


(3)  Longitudinal  Acccleration/Dece.l  eration  in 
headwinds  and  crosswinds  - 

(a)  No  unacceptable  transients  at  velocity 
mode  swicchover. 

(b)  Backdrive  of  longitudinal  and  lateral 
control  smooth  and  hard  to  detect. 


(4)  Lateral  Reversals  to  bank  angles  of  60 

degrees  - No  unacceptable  characteristics. 


(5)  Turns  in  winds  to  50  deg  of  bank  angle  - 

(a)  Small  loss  in  arrspced 

(b)  Tight  bank  angle  hold 
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TABLE  10. (CONTINUED) 


Evaluation  Items 

(7)  Longitudinal  and  lateral  velocity  control 
gradient  at  low  airspeed  (groundspeed 
reference)  -• 

(a)  Excellent  low  speed  maneuvering 
characteristics . 

(b)  Good  control  harmony  between  axes 

(8)  Altitude  liold  in  level  flight,  turns,  and 
acceleration  and  deceleration  maneuvers  - 

(a)  Baro  mode  is  satisfactory  j 

(b)  Radar  mode  requires  more  study  due  to  1 
nonlinear  effects  of  collective  actuator. 


Pilot 

Cooper -Harper 
Rating 


1 .5-2.0 


2. 0-3.0 


Selectable  Modes 

(a)  Airspeed  - Basic  347  characteristic 
acceptable . 

(b)  Velocity  Disable/Decay  - Provides 
attitude  cotitrol  system  and  capability 
to  ramp  out  velocity  control  bias.  | 

(c)  Automatic  Hover  Triia  - Mode  acceptable, 

but  has  i low  deceleration  rate.  I 


simulated  triplex  computer  hardovers  (in  both  directions)  were 
introduced  separately  into  each  AFCS  axis,  and  then  in  combi- 
nation with  one  another.  With  the  final  frequency  splitter 
authority  limits  incorporated,  all  failures  were  determined 
to  be  recoverable.  A summary  of  failure  types,  and  an  esti- 
mate of  delay  time  between  the  failure  and  initiation  of 
pilot  corrective  action  is  presented  in  the  table  below. 


TYPE 

FAILURE 

AXIS 

FLIGHT 

DELAY  TIME 

Single 

Axis 

Longitudinal 

Lateral 

Directional 

Vertical 

VFR  @ 140  kn 

VFR  @ 165  kn 

VFR  0 145  kn 

VFR  @ 165  kn 

2 Seconds 

Nose-Up 

1.5  Seconds 
Nose-Down 

1^1  Second 

Multiple 

All  Combined 

VF’R  & IFR  0 

Axis 

160/165  kn 

( 

Second 

Lateral  (+) 

VFR  & IFR  0 

Opposite 

160/110  kn 

Directional 

/ 

In  addition  to  AFCS  hardover  failures,  DELS  malfunctions  were 
also  simulated.  For  the  initial  fly-by-wire  flight  testing 
of  the  347,  a mechanical  backup  system  was  to  be  installed 
in  the  aircraft.  In  the  event  of  a DELS  failure,  control 
was  immediately  transferred  from  the  DELS  to  the  mechanical 
backup  units.  Reversion  to  the  MBU  wliile  flying  on  basic 
aircraft  (AFCS  not  engaged)  was  simulated  at  the  end  of  the 
Phase  I Program  with  a variable  length  differential  control 
step  input.  Recovery  from  these  simulated  control  reversions 
was  found  to  be  no  problem. 

Aircraft  transients  associated  with  AFCS  engagement  and  dis- 
engagement were  also  determined  to  be  mild  when  evaluated 
in  the  first  simulation. 
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2.2.4  Phase  II  Load  Crewman/LCCC  Simulation 

Discussion  of  the  Phase  II  load-controlling  crewman  and  LCCC 
simulation  is  organized  like  the  Phase  I writeup,  with  back- 
ground and  objectives,  pre-test  preparations,  and  test  results 
reviewed . 

2.2.4. 1 Background  and  Objectives 
Objectives  were  to: 

(1)  Evaluate  hover  hold  control  and  stabilization  laws  for 
both  the  Hover  Hold/PHS  and  IMU/Radar  modes  of 
operation . 

• Assess  the  effects  of  Precision  Hover  Sensor  physics 
on  hover  hold  performance. 

• Check  pilot's  station  ride  qualities  for  hover 
hold  operations. 

(2)  Evaluate  the  prototype  LCCC  with  respect  to  meeting 
hover  mission  requirements  with  the  hover  hold  mode 
engaged . 

(3)  Compare  the  finger/bail  (prototype)  and  "grip  with 
thumb  yoke"  (mockup)  LCCC  controllers  for  performing 
VFR  and  IFR  precision  hover  and  load  shuttle  maneuvers 
(under  separate  BOA) . 

(4)  Evaluate  load  damping  and  position  hold  characteristics 
for  the  hover  hold  mode  with  the  LSS  engaged. 

During  final  preparation  for  the  hover  hold  simulation,  a 
decision  was  made  to  eliminate  precision  hover  ride  qualities 
testing  (at  the  pilot's  station)  in  the  LAS/WAVS  simulator. 
This  decision  was  based  upon  intermittent  schedule  conflict 
problems  with  Northrop  in-house  flight  simulations,  and  on 
the  necessity  to  concentrate  maximum  effort  in  bringing  the 
rotational  simulator  up  to  an  operational  status.  This 
simulator  had  not  been  utilized  for  serious  simulation  work 
in  the  two  years  proceeding  the  HLH  program;  and  as  a 
consequence,  required  extensive  refurbishment,  calibration, 
and  updating  of  its  motion  and  visual  drive  mechanizations 
before  hover  hold  testing  could  start. 
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2.2.4. 2 Pre-Test  Preparations 

The  various  tasks  accomplished  in  bringing  the  math  model 
up  to  date  and  refurbishing  the  simulator  tor  the  Phase  II 
program  are  outlined  in  Table  11.  In  addition  to  the 
simulator  and  LCCC  calibration  a:id  checkout  procedures 
described  in  Section  2. 2. 2. 2. 2,  a substantial  effort  was  also 
directed  toward  reprogramm i ncj  the  di;  computers  for  the 
updated  hover  hold  control  laws.  Analog  logic  associated 
with  this  mode  was  also  nu.id  1 f i ed  to  reflect  the  final  Vertol 
pre-test  hover  hold  conf igurat ion . 

Precision  llov'er  Sensor  modelinq  (as  described  in  the  hover 
hold  design  analysis)  was  programmed  in  the  EAI  8400  Digital 
Computer,  and  checks  were  run  to  ensure  its  proper  operation. 
Models  of  the  Drift  Clear  and  I'HS-IMU  velocity  switching 
networks  were  also  [sroqranmied  and  verified. 

During  the  Phase  I program  (and  followup  Northrup/Ver tol 
advanced  tandem  helicopter  simulation  flown  in  early  summer) , 
the  external  sling  load  model  was  programmed  £ind  validated 
with  theoretical  response  predictions  and  flight  test  results. 
Load  damping  and  position  hold  loops  in  the  load  stabilization 
system  were  Iso  patched  on  a Comcor  17 analog  computer  and 
PDP-9B  combination  in  preparation  fur  Phase  II  testing. 

Approximately  250  hours  of  unpiloted  computer  or  simulator 
time  were  utilized  in  preparation  for  the  Phase  II  sim.ulation. 

A substantial  portion  of  this  time  (115  hours)  was  utilized 
in  updating  simulator  hardware  and  drive  mechanizations  for 
the  motion  base  and  visual  systems. 

2.2.4. 3 Test  Program 

The  principal  activities  conducted  during  piloted  and  un- 
piloted Hover  Hold/LCCC  evaluations  are  summarized  in  Table 
11.  Six  test  flights  were  made  along  with  a preliminary 
validation  checkout  of  the  simulator  and  347  aircraft  model. 

A total  of  31-1/4  simulator  flight  hours  were  flown  in  the 
test  program,  and  approximately  38  hours  of  unpiloted  compu- 
ting time  were  utilized  after  testing  started  for  ongoing 
AFCS  analysis,  daily  simulator  checkouts,  etc.  The  primary  focus 
of  the  unpiloted  AJ'CS  work  was  to  determine  the  effects  of 
external  sling  load  dynamics  on  the  Hover  Hold  mode,  and  to 
check  out  the  LSS  model. 
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11/16  Simulator/cockpit  hardware 

thru  — checkout  and  final  airframe/ 

12/6  A.FCS  simulator  interfacing. 
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AFCS/Prototype  LCCC  Evaluation  - On  Flights  1 and  2,  stability 
and  controllability  evaluations  of  the  Hover  Hold  mode  and 
prototype  LCCC  were  made  while  using  a continuous  or  "locked" 
PHS  sensor.  During  the  second  flight,  normal  sensor  locking 
and  unlocking  characteristics  were  introduced  along  with 
steady  and  turbulent  wind  conditions.  Hover  Hold/i'MU 
maneuvers  were  accomplished,  along  with  an  analysis  of  the 
effects  of  differential  output  frequency  splitter  on 
hover  hold  performance. 

Flight  3 continued  the  Hover  Hold/PHS  and  IMU  testing,  and 
the  drift  clearing  feature  was  assessed  for  the  first  time. 
Analysis  of  both  Hover  Hold  modes  continued  on  Flight  4 as 
shown  in  the  table.  On  this  flight,  the  effects  of  gusts  on 
automatic  hover  hold  performance  with  the  PHS  engaged  were 
evaluated. 

Flight  5 was  an  unpiloted  assessment  of  external  load  per- 
formance with  and  without  the  two  Hover  Hold  modes  engaged. 
Extensive  LSS  checkouts  were  performed  and  this  unpiloted 
analysis  continued  over  into  flight  6. 

During  the  piloted  portion  of  the  sixth  flight,  two  config- 
urations of  external  slingloads  were  flown  and  ev'aluated. 

In  addition,  LCCC  input  lags  and  control  sensitivities  were 
adjusted  to  improve  an  aircraft  control  response.  Controller 
sensitivity  and  threshold  levels  were  further  modified  on 
Flight  7 to  achieve  harmonious  control  response  character- 
istics . 

BOA  Controller  Evaluation  - Portions  of  Flights  3,  4,  6,  and 
7 were  utilized  by  customer  pilots  and  engineers  to  compare 
finger/bail  and  "grip"  LCCC  controller  characteristics, 
while  executing  simulated  VPR  and  IFR  hover  hold  tracking 
and  station  keeping  tasks.  Table  12  summarizes  the  flight 
time  for  each  participant  (totaling  about  6 hours)  with  the 
two  candidate  controllers.  Customer  evaluators  "flew"  the 
basic  347  with  Hover  Hold/PHS  engaged  (including  a fully 
operational  sensor)  . 
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Five  pilots  checked  both  controller  conf igi rations  (illustrated 
in  Figure  101)  and  three  engineering  evaluators  assessed  the 
finger/ball  LCCC  only.  Evaluation  tasks  included: 

• About  5 to  10  minutes  of  VFR  familiarization  maneu-  eu- 
vers  with  the  controller  being  evaluated,  followed  by 
practice  precision  tracking  tasks  between  two  "targets" 
superimposed  on  the  tracking  scope  grid. 


TABLE  12. 

LCCC  EVALUATORS 

AND  SIMULATION 

FLIGHT  TIME 

CONTROLLER  EVALUATION 

FLIGHT  TIME  MINUTES 

CUSTOMER 

PILOT 

FINGER/BALL 

THUMB/GRIP 

EVALUATORS 

DESIGNA'^ION 

PROTOTi’PE 

MOCKUP 

EXI'ER  [MENTAL 

TEST  PILOTS 

H.  Chaoibera  - AVSCOM 

(A) 

45 

20 

U.  Simon  - AMRDL 

(B) 

40 

50 

ENGINEER/PILOTS 

T.  Terry  - AMRDL 

(G) 

15 

40 

J.  Dunbar  - MIT 

(0) 

25 

in 

LINE  ASS1(;NED 

U.S.  ARMY  PILOT 

W.  Gault  - oVT.l'SA 

(E) 

40 

20 

ENGINEERINC; 

EVALUATORS 

F.  Cappc'tra-AVSCOM 

15 

.1.  Savage  -AMRDL 

HI 

- 

D.  ilubble  -AVSCOM 

10 

114 
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SIMULATION 

ARMREST 


ADJUSTABLE 

CONTROLLER 

MOUNT 


FINGER/BALL  LCC "PROTOTYPE" CONTROLLER 


LONGITUDINAL 


.SIMULATION 
/ ARMREST 


VERTICAL 


ADJUSTABLE 

CONTROLLER 

MOUNT 


THUMB/GRIP  LCC  "MOCKUP''CONTROLLER 
FIGURE  !OI. 

LOAD-CONTROLLING  CREWMAN  CONTROLLERS  USED 
IN  BOA  EVALUATION 
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• A visu.il  loa.'l  sliut  tlc-  inaru-uvci  was  then  executed, 
where  the  airetaft  war;  translated  Vl'K  from  the  airport 
center  to  a helijjad.  Approachinc}  the  pad,  a turn  and 
descent  wore  initiated,  followed  by  visual  hover  over 
the  pad,  and  by  subsoc (uen r return  to  tdie  center  of  the 
airdrome' . 

• Nearinq  the  site  where  maneuver inq  beqan,  the  pilot 
tr  ans  i t ioncil  t roir  t/PR  to  the  trackinq  scope,  at  which 
time  a i.>rec.i5ron  acquisit  ron  and  positioninq  maneuver 
was  ac'cciiTip]  i siied  . 

All  maneuvers  were  performed  in  calm  air,  then  with 
steady  25-knot  winds,  and  finally  with  steady  winds  and  a 
5 fps  RMH  gust  condition  app’i.ied  as  time  permitted. 

Significant  pilot  comments  reoardinq  the  controller  being 
evaluated  were  vcc.-ordod. 

2 . 2 . *5  . Results  lai  tin.,-  Iduisc  II  S imulat  run 

In  tile  second  plnsc  s rmu  I . d;  i c >n , just  as  in  the  first,  a 
numbei:  AFCS  ■•cntro'  law  ui  ! Io<;ic  modi  ti. 'a  t ions  were 

required  in  order  to  produce  th.e  desired  level  of  ha.ndling 
qualities.  Near;'/  ■'.1!  simulation  objectives  were  success- 
fully achieved;  c'.'.cC' ■ i a 1 i t.’nose  roiated  to  vehicle  liandling 
qualities  with  'd'.''  hcjver  hold  mode  engaged.  Prototype  LCCC 
per  forniun...^.-  '..0*:;  1 1 so  hiuhJy  rated  W’ith  resfject  to  accomplish- 

ment of  the  load  sliut  ' ! (>  or  I'Osition  hold  ICC  mi  v.s  i I'ms  . 
Vehicle  pGrtornanc;e  with  external  loads  attached  wa.s  adjudged 
to  be  Sdti  St  actorv'  tor  tl;e  hover  and  shuttle  tasks,  but  no 
piloted  assessot  I'd.  c. : hStJ  characterisi  ics  was  possible  due 
to  insuf  f icieni  t i.iie  a/a  il  able  on  tlie  final  simulator  flight. 

2 , 2 . 4 . 1 . ! Al'C;l  Modifj  cations 

Twenty  sollv/aio  and  live  logic  changes  were  developed  and 
evaluated  durriKi  the  .suconu  s i nCi  1 at.  ion  . A summary  of  tlie 
more  important  o:  these  mod  i f i c.i  t.  ions  is  given  below: 

LONC  ITUDlNAd.  AX  bS 

o 'rhi'.'  longitudinal  velocity  ei,  lor  him  iter  (I/Xl)  was  opened 
tij  1.0  degrees  to  improx'O  ! ong  i tui*  i na  I .icoel  erat.ion 
resj^onse  lor  LCCC  commands . fReferenc'i'  to  tlie  indivi- 
dual axis  Aid':'  lilock  i.l  i igiams  oresent.ed  f;arlier  in  the 
design  .cia  lysis  will  nelidul  in  assr'.ssing  tdie  impact 

of  mod  i 1 ii’at  i oils  dis-;ussei.!  in  this  sev'tion.) 


lit 


• Longitudinal  and  lateral  LCC  controller  input  command 
lags  (TY5  and  TY9)  were  reduced  to  0.25  and  0.5  seconds 
respectively,  so  as  to  quicken  response  time  for  both 
small  ("creep")  and  large  ("leap")  velocity  inputs. 

LATERAL  AXIS 

o The  lateral  parallel  backdrive  command  path  from  the 

lateral  velocity  error  signal  was  modified  to  correct  an 
under-damped  lateral  response  characteristic,  particularly 
when  making  large  and  rapid  LCC  control  reversals.  The 
lateral  response  would  get  out  of  phase  with  LCC  commands 
due  to  excessive  motion  of  the  primary  cockpit  control. 

This  lateral  LCC  control  deficiency  was  corrected  by 
elimination  of  long  term  washout  (T^G)  in  the  lateral 
differential  command,  and  by  limiting  the  integral  backdrive 
signal  using  the  LL3  limiter. 

• Roll  attitude  and  roll  rate  gains  ^LAR^  were 

increased  to  reduce  initial  roll  attitude  response  for 
small  LCC  controller  commands,  and  also  to  soften  the 
roll  attitude  response  upon  recovery  to  zero  lateral 
velocity  when  the  LCC  controller  is  placed  in  the  detent 
positio.n . 

DIRECTIONAL  AXIS 

• Yaw  response  was  increased  by  elimination  of  the  parallel 
command  path  (KRLC  = 0.0),  and  removal  of  the  washout 
(Tj^g)  in  the  differential  command  path.  This  change 
corrected  the  long-term  reduction  of  yaw  rate  response 
caused  by  washout  of  the  LCC  differential  command . 

GENERAL 

« Drift  Clear  (L-34) /Hover  Hold  (L-11)  logic  was  modified 
to  provide  acceptable  IMU  drift  clear  operation  when 
Hover  Hold  is  engaged.  It  was  necessary  to  input  the 
Drift  Clear  logic  discrete  (L-34)  into  Hover  Hold  engage 
logic  L-11  to  momentarily  disengage  Hover  Hold  while 
drift  clearing.  Otherwise,  the  aircraft  responds  to 
the  IMU  synchronization  transient  and  any  controller 
out-of-detent  command. 


CONTROLLER  COMMAND  HCHEDULING 


LCC  velocity  command  functions  in  all  axes  (f'yTr.» 

^ LLC ' ^"nlc^  were  modified  to  reduce  control  ieraead- 
bana  arid'^velocity  command  threshold  levels.  The  old 
pre-simulation  velocity  command  functions  (primarily  in 
the  longitudinal  and  lateral  axes)  were  found  to  be 
unacceptable  in  the  Hover  Hold/IMU  mode  with  only  IMU 
velocity  feedback,  and  no  position  hold  engaged  (PHS 
disabled ) . 


Reduction  of  controller  deadband  provided  an  increase  in 
controller  velocity  response  and  qviicker  response  time 
for  small  inputs.  This  enabled  the  LCC  pilot  to  pre- 
cisely maneuver  the  aircraft  and  hold  a ground  position 
without  overcon  trolling,  particularly  in  gusty  condi- 
tions. Figure  102  shows  the  original  t c 

velocity  command  functions,  as  well  as  the^  ^ ' 

modified  schedules  synthesized  in  the  simulation. 

2.  2. 4. 4. 2 Pilot  Handling  Qualities  Ratings 

A complete  tabular  summary  of  pilot  handling  quality  ratings 
for  the  Phase  II  simulation  is  given  in  Table  13.  Two  modes 
of  operation  were  rated.  The  first  of  these  includes  pre- 
cision position  acquisition  and  hold  maneuvering,  using  "beep" 
and  "creep"  controller  commands  and  the  tracking  scope  for 
positional  reference.  As  shown  in  the  table,  when  this  type 
of  task  was  accomplished  with  the  PHS  enabled,  a 
rati.ng  of  0.5  was  given  the  system  to  indicate  superior 
performance . 

Beneath  the  PHS  score  is  a buildup  of  pilot  ratings  reflecting 
continued  system  improvement,  as  the  simulation  AFCS/LCCC 
design  synthesis  progressed  for  the  Hover  Hold/IMU  mode. 

Note  t.hTt  a rating  of  1.0  was  finally  possible  after  refine- 
ment of  the  control  laws  and  LCCC  scheduling.  Very  good 
Cooper/Harper  ratings  were  also  given  for  higher  velocity 
reference  maneuvering  under  VFR  conditions,  v.'ith  and 

without  a valid  PHS)  . 


It  is  interesting  to  note  that  Hover  Hold/PHS  performance 
was  degraded  only  slightly  when  the  aircraft  picked  up  an 
external  slingload.  Scores  for  the  slingload  configured 
aircraft  maneuvers  are  shown  at  the  bottom  of  the  Table. 
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FIGURE  102. 

LCC  VELOCITY  COMMAND  FUNCTIONS 
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2. 2. 4. 4. 3 BOA  LCC  Controller  Evaluation  Results 

Results  of  the  Basic  Ordering  Agreement  controller  comparison 
are  summarized  in  Table  14.  Listed  in  the  table  are  the 
principal  LC("C  features  evaluated,  and  the  types  of  tasks  used 
to  assess  controller  performance.  A synopsis  of  controller 
improvements  suggested  by  the  pilot  evaluators  is  also 
included,  along  with  an  overall  controller  rating  preference. 

Based  upon  pilot  evaluation  comments,  a consensus  favoring 
the  finger/ball  configuration  was  expressed.  This  conclu- 
sion substantiated  earlier  controller  test  results  acquired 
during  the  Vertol  Nudge  Simulation  in  December  1972 
(described  in  Hover  Hold  Key  Developments,  Section  2, 1.4, 2). 
Nearly  all  of  the  BOA  LCCC  evaluators  preferred  the 
finger/ball  controller  for  precision  target  acquisition 
and  hold  maneuvering;  and  this  is  the  flight  mode  around 
which  HLH/347  LCCC  design  has  been  optimized,  A preference 
for  the  thumb  yoke  method  of  controlling  vertical  aircraft 
motion  was  also  expressed. 

While  most  of  the  evaluators  stated  that  either  controller 
would  be  acceptable,  specific  suggestions  to  improve  various 
features  of  both  were  made.  Finger/ball  suggestions  included 
reduced  yaw  forces  and  adjusted  vertical  detent  breakouts  for 
improving  control  harmony.  These  changes  were  incorporated 
in  the  unit  before  the  347  Flight  Program,  and  the  results 
as  expected  were  very  favorable. 

BOA  recommended  modifications  of  the  grip  controller  included 
addition  of  a mag-brake  locking  mechanism,  and  viscous 
dampers  similar  to  those  on  the  prototype  finger/ball 
device . 


2.3 


HLH  AFCS  SYNTHESIS 


2.3.1  Summary 

The  philosophy  adopted  in  design  of  the  HLH  AFCS  was  to 
develop  a set  of  control  law  and  logic  mechanizations  suitable 
for  meeting  HLH  mission  requirements  and  goals,  and  then  dem- 
onstrate the  validity  of  these  laws  on  the  347  Flight  Research 
Aircraft.  With  the  AFCS  verified  in  flight  test,  the  stabili- 
ty and  control  concepts  would  then  be  directly  transferable 
to  the  HLH  after  minor  modification  of  gains,  time  constants, 
etc.,  to  account  for  vehicle  size  and  gross  weight  effects. 

The  analysis  described  in  this  section  provides  final  sub- 
stantiation that  control  concepts  developed  for,  and  demon- 
strated on  the  347,  will  provide  the  same  superior  handling 
qualities  when  applied  in  the  HLH  aircraft. 

Using  the  ATC  full  envelope  Vertol  Hybrid  Simulation  model 
described  in  Section  2. 2. 2.1,  an  assessment  of  vehicle  sta- 
bility and  controllability  characteristics  was  made  for  the 
HLH  airframe  and  rotor  dynamic  system  configuration.  AFCS 
control  laws  and  logic  were  those  developed  earlier  for  the 
347.  Preliminary  analysis  indicated  that  HLH  control  sensi- 
tivity and  system  gain  levels  should  be  about  the  same  as 
those  used  in  the  347  program  when  both  aircraft  were  flown 
at  their  respective  design  weight  conditions.  Accordingly, 
the  HLH  was  evaluated  at  its  design  weight  (118,000  pounds) 
using  347  AFCS  parameter  values.  The  objective  was  to  adjust 
gain  levels,  etc.,  if  required,  in  order  to  develop  response 
characteristics  comparable  to  those  of  the  347.  Very  few 
changes  were  necessary  to  produce  the  desired  results. 

Pulse  and  step  responses  in  hover  and  forward  flight  were 
generated  for  all  axes  of  the  basic  SCAS.  These  runs  were 
made  with  and  without  the  Automatic  Altitude  Hold  mode 
engaged.  Transitions  through  the  velocity  mode  transfer 
switch  were  accomplished,  and  the  effect  of  control  back 
driving  was  assessed.  In  addition,  low-speed  responses, 
including  external  load  dynamics  and  Load  Stabilization  System 
characteristics,  were  also  evaluated. 

Comparison  of  unpiloted  HLH  simulation  results  with  previous 
347  data  showed  the  effect  of  configuration  to  be  minimal, 
and  the  control  concept  directly  transferable  to  the  HLH 
vehicle  as  expected. 

2.3.2  Background 

Original  ATC  AFCS  development  plans  called  for  a piloted 
simulation  of  the  HLH  aircraft.  The  simulation  was  to  include 
assessment  of  HLH  handling  qualities,  and  evaluation  of  a 
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variable  Ibrncjiaumial)!  e :'c)rce-Kee  1 Unit  (PFFU)  for  the  primary 
cockpit  controller.  'I'hi;;  PFFU  was  developed  for  the  HLH 
aircraft  undt;r  a separate  A'i'C  program  element  to  provide 
maneuver  cuein;?  for  tne  pilot. 

Maneuver  cueing  requirements  are  stx'ongly  dependent  upon  the 
stability  and  maneuverability  characteristics  of  the  aircraft 
involved.  Use  of  the  x'^ariable  force-feel  approach  to  improve 
apparent  stability  levels  (e.g.,  bobweight  effects);  or  to 
improve  resp(3nsc  feel  characteristics  of  nonconventional 
controller  qualities  had  been  demonstrated  successfully  in 
the  past  on  other  helicopters.  Its  application  in  the  HLII 
program  would  depend  upon  the  results  of  handling  quality 
evaluations  in  the  147  ATC  simulation  and  flight  test  programs. 

As  indicated  in  the  previous  report  section,  Northrop-pilcted 
simulation  efforts  in  1973  were  highly  successful  in  develop- 
ing and  validatiu<!  the  HLH  concept  of  complete  hands-off 
stability,  anci  linear  velocity  response  characteristics  fox' 
the  demonstrator  aircraft.  On  tlio  basis  of  the  simulator 
results,  it  was  decided  that  a further  piloted  evaluation  of 
HLH  handling  qualities  would  not  be  required  in  view  of  having 
already  demonstrated  vhe  character]  .sties  necessary  for  the 
Heavy  Li  ft  AFCS . 

'Ihe  follov/-on  347  flight  program  confirmed  the  favorable  simu- 
lation outcome,  and  permitted  fux'ther  refinement  of  AFCS  SCAS 
and  selectable  moile  features.  In  addition,  pilots  commented 
that  the  Model  347  fixed  force -feel  system  (when  'used  in  con- 
junction with  the  HLH  control  laws)  wa.s  adequate  for  meeting 
requirements  of  the  Heavy  Lift  mission  as  had  been  anticipated 
when  requ j renient.s  for  t’FFU  simulation  were  dropped  earlier. 

The  unpiloted  HLH  simulation  analysi:.  documented  in  this 
section  was  substituted  for  the  original  jjlloted  px’ogram  in 
order  to  a.s.sess  vehicle  sise  effect:;  (if  any),  and  AFCS 
parameter  setting.'-;. 

2.3.  HLH  Math  Model  and  AFCS  Development 

AIRFKAML  AND  ROTOK  - Prifjr  to  startintj  anal'/sis  of  the  HLH 
AFCS,  the  full  envelope  tcjtal  force  math  model  was  updated 
with  HT3I  airframe  and  mechanical  eo'ntrol  characteristics. 
Change's  t(,'  the  l-F^  in:,vlol  includexd: 

• 1 ncorfiorat  i on  of  HLH  parame-tei  s , svich  as  rotor  radius  and 

scolidily,  liionitnit  arm  t e 1 a * icxnsh  i ps  , rotor  and  fuse- 
lage i.ne.'fia  valufos,  fuselage  force  and  moment  data,  and 
I oni|  itud  xna  1 cyclic  trim  schedules  for  bcjth  rotors. 
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• Development,  checkout,  and  programming  of  new  rotor  maps 
for  both  HLH  rotors  based  on  VR-7  and  VR-8  airfoil  tech- 
nology, The  effects  of  Mach  number  (compressibility) , 
rotor  stall,  and  unsteady  lift  aerodynamics  were  all 
considered  in  preparation  of  the  map  package.  The  avail- 
able range  of  advance  ratios  extended  from  ft-  - 0 (in 
hover  to)  H-  ^ .5  (in  high-speed  cruise). 

• Development  and  incorporation  of  a simulated  HLH  engine 
and  dynamic  rotor  shaft  system  model. 

• .ncorporation  of  HLH  mechanical  control  mixing  and  inte- 
grated upper  r^ost  dynamic  characteristics. 

After  config»->r'!  ■ g the  math  model  with  the  HLH  parameters 
mentioned  ?o'  o,  a series  of  verification  trim  sweeps  in  level 
flight  and  climb  were  made,  and  then  compared  with  predicted 
perform?iice . Correlation  was  good  as  in  the  earlier  347  trim 
validation.  A sample  of  the  level- flight  trim  results  is  pre- 
sented in  Figures  103  through  108. 

Plotted  simulation  trim  data  reflect  an  application  of  classi- 
cal theory  to  the  determination  of  rotor  forces,  moments  and 
flapping.  For  comparative  purposes,  rotor  map  results  are 
also  shown  in  Figure  106  for  the  forward  and  aft  rotor  aero 
torque  required.  Improved  high-speed  correlation  is  shown  for 
the  map  data,  and  this  is  due  primarily  to  the  more  rigorous 
interpretation  of  nonlinear  aerodynamic  effects,  such  as 
rotor  stall,  compressibility,  etc. 

In  addition  to  the  trim  comparisons  just  described,  a series 
of  stability  derivatives  were  also  generated  with  the  simula- 
tion math  model  to  further  confirmi  its  validity.  These  results 
compared  favorably  with  expected  performance. 
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AKCS  - I're  1.  ini  i na  ry  ewt:  i mat  e.s  ot  rctiuired  HLl!  rate  and  attitude 
gain  factfirs  for  t tu-  wore  made  and  those  were  then 

inserted  into  the  simulation  AFCS  model  to  act  as  a starting 
point  for  the  analysis.  Assumptions  in  tliis  preliminary  work 
were  that  the  dmjiretl  III.H  response  f rctiuencies;  f for  the  vari- 
ous longitudinal,  lateral,  directional  and  vertical  modes) 
should  bo  propuit.ional  to  t.lioso  the  347,  but  factored  down 
to  reflect  the  lower  HLIl  rotor  operating  speed  (i.e.,  23 
radians/second  f(jr  the  347  vs.  IG  radians/second  for  the  HLH). 
Desired  dampimj  levels  were  assumed  to  bo  identical  to  the 
347  values.  Recjuiretl  rate  feedback  gains  for  the  lateral  and 
directional  axes  (at  vehicle  design  weight  ol  110,000  pounds) 
were  estimator!  to  be  essentially  unclianged  from  the  347,  but. 
file  attitude  gain  requirement  for  the  directional  axis  was 
reduced  by  about  1/3  from  its  347  level.  A lowered  accelera- 
tion gai’T  in  the  vo'rtical  a.xis  was  also  indicated. 

2.3.4  Results  of  Unpiloted  HLH  Hybrid  Simulation  Analysis 

'iTie  principal  (;b  jective  of  ! lie  lir.H  unj)il(;ted  hybrid  simulation 
was  to  develop  response  data  for  this  aix'craft  which  closely 
resembled  the  rha rai'ter i si  i cs  of  the  347.  As  indicated  in  the 
previous  section,  an  attomi't  was  made  t(.,i  duplicate  the  347 
dampin<7  levels  v/i  th  a slightly  lower  response  frtRjuency  for 
the  larger  aircraft. 

The  only  stability  feedl.>ack  gain  changes  required  to  produce 
the  desired  results  were  those  discussed  earlier.  It  is  anti- 
cipated that  minor  modi  i icat  ion  of  these  (and  otlier)  gains, 
time  constants,  etc.,  wi  ll  be  required  in  the  future  to  fine- 
tune  Llie  AFC’S  for  installation  in  the  Prototype  or  any  poten- 
tial production  HLH  aircraft.  The  basic  control  laws  for  these 
aircrefr.,  however,  are  ('xpocted  to  remain  essentially  the  same 
as  those  dt:monstrate' ! on  the  347. 

A series  of  contrc.)!  pulses  and  step.s  in  ail  axes  were  intro- 
duced int'c  the  ULJ!  .siinul at  i lUi  model  to  evaluate  aii'craft  con - 
trf,liabi]  ity  and  stability.  These  control  inputs  were  made 
with  the  cockpit  sticks  and  lyedals  in  order  to  include  pick- 
off  feedforward  characteristics  in  the  resulting  aircraft 
response.  Steps  and  pulses  were  run  in  high-.speed  cruise  at 
120  knots,  and  in  hriver;  wrth  5-knot  winds.  Typical  liLH  pulse 
and  step  responses  are  illustrated  in  Figures  109  through  116 
along  with  crauparable  347  runs  based  on  tlic  same  control 
inputs . 

Figures  109,  IJO,  111,  and  112  compare  stability  response  data 
for  pulse  inpnits  in  the  four  ccntrejl  axes  at  120  knots.  Excel- 
lent ci.)r re lat  1 on  with  tlie  347  baseline?  is  shown  for  ail  cases. 
Attitude  responses  are  virtually  identical  for  both  aircraft, 
and  only  mi  nru-  variation:?  in  angular  rate  or  SCAS  input  were 
observed,  Tlie  effect  of  vehicle  size  on  .stability  is  minimal 
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as  shown  in  the  figures.  Duplicate  runs  were  also  made  with 
the  Altitude  Hold  mode  engaged,  and  these  showed  good  correla- 
tion with  the  347  results  as  well. 

Low-speed  controllability  is  demonstrated  on  the  step  response 
data  at  zero  groundapeed  with  5-knot  winds  applied  (Figures 
113  through  116)  . Aircraft  steady  state  velocity  response  to 
the  various  control  inputs  was  found  to  be  about  the  same  for 
both  aircraft  indicating  similar  levels  of  controllability  for 
the  low-speed  linear  velocity  groundspeed  mode  of  AFCS  : 
operation. 

Transitions  between  the  low-  and  high-speed  modes  of  flight 
were  explored  to  validate  operation  of  velocity  mode  transfer 
switching  in  the  HLH  AFCS.  A typical  result  of  this  testing 
is  shown  in  Figure  117  which  depicts  an  acceleration  from 
hover  in  30-knot  winds  to  a steady  state  110-knot  airspeed  in 
forward  flight. 

This  maneuver  is  followed  by  removal  of  the  step  control  input, 
and  deceleration  back  to  the  original  hover  condition.  Longi- 
tudinal stick  backdriving  (for  removal  of  the  groundspeed/ 
airspeed  bias)  is  simulated  by  leaving  the  magnetic  brake 
depressed  until  reaching  steady  state  conditions  after  passing 
through  the  velocity  mode  switch. 

As  expected,  the  HLH  time  history  data  snown  in  Figure  117 
indicate  that  transitions  from  low-  to  high-speed  flight  (and 
back  again)  are  very  similar  to  those  made  with  the  347. 
Acceleration  and  deceleration  characteristics  of  the  two  heli- 
copters were  virtually  identical  throughout  the  maneuver,  and 
no  undesirable  transient  control  inputs  or  aircraft  responses 
were  observed  for  the  HLH  as  it  passed  through  the  transition 
switching  region. 

Additional  assessment  of  the  HLH  AFCS  was  made  in  low-speed 
flight  with  an  external  load  attached  to  the  aircraft.  Load 
Stabilization  System  damping  loops  were  engaged  for  these  runs. 
Cockpit  pulse  inputs  were  introduced  to  excite  the  aircraft 
(and  load)  in  the  longitudinal,  lateral  and  directional  axes. 
Aircraft  and  load  response  characteristics  were  found  to  be 
quite  similar  to  those  of  the  347  When  comparable  load  suspen- 
sion cable  lengths  were  used. 

On  the  basis  of  the  HLH  simulation  responses  evaluated,  it  is 
concluded  that  control  system  concepts  developed  and  demon- 
strated on  the  347  are  directly  transferable  to  the  HLH  air- 
craft, and  should  produce  the  same  level  of  superior  handling 
qualities  for  the  Heavy  Lift  mission. 
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i-ONOr  jOiNA^  ACCEl-EBAT'.ONS  CECELE  tlATIOtl  FROM  HOVER 
»ITH  SO-AMOT  HEACWIND 


2.4  AFCG  PRE-FLIGHT  TESTING  AND  SOFTWARE  CONTROL 


A procedure  for  AFCS  logic  and  software  contrri  was  essential 
due  to  control  law  complexity.  All  programming  of  the  digital 
computers  was  performed  by  General  Electric  personnel.  Boeinq 
Vertol  responsibilities  included  design  specification,  software 
and  logic  verification,  and  documentation  of  program  changes. 

AFCS  flight  testing  was  accomplished  in  a sequential  manner 
using  four  software  program  phases:  (1)  Basic  SCAS,  (2)  Basic 

SCAS  and  Hover  Hold,  (3)  Basic  SCAS,  Hover  Hold,  and  X^oad 
Stabilizat.ion,  and  (4)  Basic  SCAS  and  Automatic  Approach  to 
Hover.  Thirteen  reprograms  of  the  basic  four  computer  programs 
were  necessary  during  the  flight  te.->t  program  for  incorporation 
of  parameter  changes. 

Laboratory  and  aircraft  ground  tests  verified  all  AFCS  hard- 
ware logic  software  programming-  The  laboratory  checkout  used 
an  integrated  FCS  test  stand  complete  with  cockpit  controls, 

DELS,  rotor  actuators,  and  AFCS  triplex  comouters  and  input/ 
output  processors.  Open  loop  testing  was  performed  by  insert- 
ing test  input  signals  and  observing  the  appropriate  AFCS  or 
DELS  output  response.  The  thorough  laboratory  testing  reduced 
aircraft  ground  test  requirements. 

Success  of  the  program  control  procedures  was  demonstrated  on 
the  first  AFCS  flight-  All  axes  of  the  basic  SCAS  and  radar 
altitude  hold  modes  functioned  as  designed.  All  additional 
checkout  flights  after  each  major  reprogram  were  trouble-free 
with  one  exception  when  the  complete  laboratory  verification 
procedure  was  ; ot  followed.  Flight  test  time  was  mainly  used 
to  optimize  handling  qualities  for  HLH  mission  tasks  and  to  solve 
hardware  interface  problems.  No  major  changes  to  tne  AFCS 
design  or  concept  were  required. 

Software  control  cn  this  program  was  in  informal  rather  then  a 
formal  procedure  involving  a lot  of  paper  work.  Software 
changes  were  often  transmitted  verbally  to  offsite  G . fL  personnel 
and  docu.mented  after  the  fact  because  of  the  tight  flight  te.st 
schedule.  Control  Wi  . maintained  through  close  coordination 
between  only  a few  G.K.  and  Vertol  engineers  who  had  a detailed 
knowledge  of  system  operation.  Complete  laboratoiy  testing 
was  essen\.ial  to  tlie  success  of  software  control. 
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logical  operationn  on  the  mode  select  panel  inputs,  as  well  as 
other  inputs  a.ff€!Cting  the  mode  of  computer  operation.  The 
XOPs  provide  discrete  .-.ignals  (some  of  which  are  inputs  and 
some  of  which  are  computed  or  developed  within  the  lOP)  to  the 
discrete  status  panels  for  display.  The  lOPs  provide  failure 
and  system  status  indications  (the  result  of  continuous  fail- 
ure ronitoring)  to  the  AFCS  and  sensor  failure  status  panels. 
The  lOPs  also  interface  with  the  BITE  panel,  providing  test 
in  progress  and  go/no-go  information  as  deter-^lned  by  BITE 
circuits  within  the  lOPs.  Finally,  the  lOPs  accept  test 
function  inputs  from  the  AFCS  test  function  panel. 

The  lOPs  receive  multiple  sensor  inputs  which  may  be  simplex, 
duplex  or  triplex.  The  lOPs  exchange  information  and  voter 
circuits  decide  which  inputs  are  to  be  used  for  further  stages 
cf  signal  processing.  Median  value  selection  is  adopted  for 
triplex  information  and  average  value  for  duplex  information. 
Single  failure  of  triplex  signal  inputs  causes  the  system  to 
switch  to  averaging  of  tlie  remaining  two  signals. 

The  pilot  has  control  of  the  AFCS  through  the  mode  select 
panel  and  the  system  test  function  panel.  These  two  panels 
permit  the  pilot  to  engage  the  AFCS  in  all  or  any  combina- 
tions of  the  four  control  axes:  longitudinal,  lateral,  direc- 
tional and  vertical;  and  to  select  operational  modes,  for 
example,  hover  hold,  auto  approach  coupler,  auto  load  sta- 
bilization, and  altitude  hold.  The  ability  to  insert  test 
function  inputs  to  facilitate  evaluation  of  system  stability 
or  control  lesponse  is  provided. 

The  flight  test  engineer  is  provided  with  an  engineering 
evaluation  of  system  performance  through  the  use  of  the  PCDU, 
discrete  status,  and  failure  indication  panels.  BITE  permits 
a system  functional  checkout  prior  to  flight  and  is  locked 
out  in  flight  via  the  throttle  quadrant  switches,. 

The  following  sections  describe  the  various  AFCS  hardware  com- 
ponents, present  major  performance  characteristics  and  perform- 
ance evaluation  based  on  ATC  flight  testing. 

3.2  FLIGHT  CONTROL  COMPUTER  SUBSYSTEM 


3.2,1  Equipment  Structure 

The  ICP-733  Digital  Computing  Subsystem,  built  by  the  General 
Electric  Companv,  consists  of  an  integrated  set  of  hardware 
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cuifl  .'30 1 twafo  oloincntH  npofi  f ica.l  1 y defiitjntid  for  real-time 
>iirlK)i  iiC'  coiiti  ol  applications.  Tlic  ilc^.siyn  in  based  upon  tlie 
inc  I'cinenta  1 computinfi  l<>chnlcpie  usiny  an  ar  itlitm 't  i ('  unit  or- 
(.jan.t^od  as  a qcneral  ^tlyor i thm  whicli  provirlcs  for  iiigh-‘;pe(  d 
procossincj  combined  wit)i  precise  computational  accuracy  and 
proqr.imniinq  f 1 exibi  1 i ty . 

rhc  airborne  equipment  consists  of  two  units  for  each  AFCS 
chaiinel  : 

• I.CP-733  (Computer  (Fliqnt  Control  Computer  - FCC) 

• System  lnt<'rfac(“  Unit  (Input/Output  Processor  - LOP) 

ilie  I'CC  performs  all  the  computations  necessary  for  the  flight 
controi  laws  and  the  lOP  performs  all  of  tlic  siqnal  condition- 
inq  necessary  to  cominun ic<i te  between  the?  computer  and  the 
other  elements  of  the  flight  control  system.  The  lOP  also 
performs  additional  tasks  related  to  system  logic  and  redun- 
dancy management. 

'File  lCi’-733  computer  and  lOP  hardware  functional  and  modular 
orejani  zation  is  an  expanded  version  of  the  ICP-710  system 
with  stato-of-thc-art  packaging,  and  off-the-shelf  standard 
integrated  circuit  components.  Ail  parts  utilized  in  the  fab- 
rication of  the  units  were  built  and  tested  to  military  speci- 
fications. No  custom-made  circuits  were  fabricated  for  the 
I!Lfl-ATC  AFCS  application. 

A programmable  Read  Only  Memory  (ROM)  device  was  chosen  for 
tlie  flight  control  computer  program  memory.  This  device  is 
the  interim  step  between  the  core  memory  which  is  utilized 
for  laboratory  test  purposes  and  the  solid  state  ROM  recom- 
mended for  the  production  system,  the  program  of  which  is 
fixed  by  fabrication  of  the  mask  at  the  device  production 
s,age.  The  programmaiile  ROM  is  electrically  alterable,  per- 
mitting program  changes  with  the  aid  of  ground  support  equip- 
ment, while  retaining  the  advantage  of  not  being  susceptible  to 
electrical  transients  causing  memory  scramble  - a flight 
safety  consideration. 

The  flight  control  computer  retains  the  capability  to  operate 
witti  an  external  core  memory  unit  simply  by  removing  the 
programmable  ROM  printed  circuit  cards  and  suljstitutiny  buffer 
carfis  to  interface  wit]?  tlie  external  memory.  The  core  memory 
unit  finds  substantial  use  in  laboratory  development  of  t]?e 
computer  and  later  on  in  simplex  system  fliglit  control  law 
dc'bug  operations. 
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3.2,2  Development  History 


The  ICP-733  digital  computing  system  represents  the  third 
generation  in  a line  of  incremental  computers  developed 
specifically  for  flight  control  and  weapons  system  applica- 
tions. General  Electric  has  developed  the  incremental  comput- 
ing system  over  a period  of  10  years  and  has  proven  the 
concept  in  several  flight  test  programs. 

The  first  incremental  control  processor  developed  (ICP-001) 
had  a limited  memory  of  64  algorithms  programmed  on  prewired 
program  boards.  This  machine  was  flown  to  prove  that  it  corld 
match  the  performance  of  a comparable  analog  system  with 
regard  to  control  stability  and  accuracy  for  an  automatic 
landing  system  on  the  Boeing  prototype  707  aircraft. 

The  ICP-002  series  expanded  memory  to  twice  that  of  the  first 
machine  and  was  developed  in  a triplex  configuration  to  vali- 
date the  redundant  digital  interface  system  concept  under 
flight  conditions. 

The  ICP-710  system  was  designed  to  perform  ballistic  compu- 
tations for  a helicopter  weapon  delivery  system.  The  design 
of  this  equipment  was  directed  toward  producing  an  efficient 
cost-effective  computer  using  modular  construction  and  stan- 
dard off-the-shelf  components.  The  equipment  was  developed 
and  tested  to  military  specifications.  The  computer  unit  was 
designed  to  accept  two  boards  of  solid  state  ROM  devices  which 
form  the  program  memory  for  use  with  a production  system. 
However,  for  development  purposes,  an  external  electrically 
alterable  core  memory  unit  was  fabricated  to  facilitate  ease 
of  software  reprogramming.  The  computer  unit  operates  with 
the  same  iteration  rate  as  the  series  002,  and  has  the  same 
computational  capacity.  Ground  support  equipment  in  the  form 
of  a Program  Loader  unit  and  Program  Monitor  unit  function  to 
change  the  program  in  core  memory  and  check  out  the  system 
operation. 

The  ICP-733  system  retained  the  features  of  the  710  system 
with  expansion  in  program  memory  and  a decrease  in  the  iteration 
rate.  Capabilities  to  test  the  system  preflight  and  to  moni- 
tor and  to  change  the  software  in  flight  were  added.  The  input/ 
output  processor, built  on  the  same  design  principles  as  for 
the  710  system,  was  largely  expanded  to  handle  the  numerous 
sensor  and  logic  system  interfaces  while  also  incorporating 
sensor  failure  detection  and  system  shutdown  capability. 
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3.2.3  FI-  j qh<-  Control  Ccjiiipiitof  l)(.':;cr  ipt  i i-ni 


'Die  IXJP  733  variable; -I  ncr<.:iii<-nt  cromputinq  system  Fas  Ijeen 
desiqnod  for  use  in  a reJative  <"losed-loop  control  system 
application.  The  opera!  iru)  cluiracten:  istics  of:  the  computer 
arc  such  that  tlu'  discrete  nature  of  Liu;  computation  has 
noc^liqible  rd'fect  u|;>on  the  cont.i*o.l  law  nK,;chan.i -r.at  Lon  which 
permits  design  of  1.  lie  system  (,;ont)  oi  laws  by  <.;onvenLional 
me  cl  ns . 

In  evalt-iatinq  the;  ICl'  7 13  system  for  ufse  in  the  HLli  AFCS 
,ippl  ici'ition , Sf'veraJ  characteii  sties  W(;re  considered.  These 
wc!r(' : 

a Solution  rate  - hand  vvjdtli 
ct  Computational.  < I'ficiency 
« Computer  memory 
3 Accuracy 

o lUuJundant  sy;:iem  o|,-)er,.d  ion 

o Inter  facinc)  n-qui  i eiuf.'id-s 

o On-line  intrnnal  moniti.i  incj  cmpahility 

.3 . 2 . 3 . i fjoLution  Kale  - itnidwidth 

Tlio  computer  timiiut  is  nndt.'r  hai.dv;aie  t'c;ntrol  . The  timing 
sKqial  is  generate;!  t rom  a 1 . 28d  MH7.  crystal -controlled  clock. 
Tlie  computer  uses  s<-rial  arithmetic  elements  operating  at  the 
clock  frequcnc'v  liit  rate.  All  inputs  are  sampled,  all  outputs 
arc'  updated  and  all  computa L ions  are  per  1 ormed  at  a rate  of 
iui.72j  times  per  second. 

Tug  ICP  7 33  computet  is  a varirible  inciement  machine  where 
the  inci'crnent  variables  arc-  ropreseiitcd  by  a four -I,;  it  coded 
number  corresponding  to  integer  powers  of  two  in  tlie  range  0, 
il  ' , jt 4 , up  to  jtf.'4  maciiitu'  unit;;.  The  slew  rate  limit  is 

a cii.iracteri  Stic  of  the  incremental  computer  as  differentiated 
from  a whole-word  computer,  ami  is  delined  as  tlie  maximum  rate 
at  whicli  any  internal  variable  can  change.  Since  the  largest 
inerr-ment  is  (>4  machine  units,  and  since  tliC  solution  or 
iteration  rate  is  L0i-72‘.>  i t-t;rat.iuns  pt'i  sec:ond,  the  computer 
slew  rate  limit  is  tints  ()'jld  machine  units/sec.  This  trans- 
lati's  to  0.32  sec.  and  h.oi  sec.  ior  '.-omputer  inputs  or  out- 
puts and  arithmi;tic  unit.  p..or iiMi,'t,ers  to  slew  liali  rarujt.', 
rt'spectively . 
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The  basic  bandwidth  of  the  computer  is  established  by  the 
slew  rate  limit.  The  maximum  rate  of  change  of  a sinusoidal 
signal  defined  by  A sin  wt  is  A^i . The  system  control  band 
width  is  established  by  the  inner  loop  high-frequency  mode 
stabilization  requirements  typically  satisfied  by  the  aircraft 
acceleration  and  rate  gyro  sensors.  Sufficient  stabilization 
is  achieved  with  excursions  within  lo  percent  of  full-scale 
range.  Full-range  signal  inputs  and  outputs  are  established 
by  the  analog-to-digi tal  conversion  (and  vice  versa) , which  is 
set  to  +^2048  machine  units.  Weighing  these  factors  together 
estaiblishes  a realistic  control  band  width  upper  limit  of 
approximately  5 Hz.  This  upper  limit,  of  course,  is  variable 
depending  on  how  the  control  loops  are  scaled  within  the  com- 
puter, since  the  slew  rate  limit  may  be  reached  anyyhere  in 
the  computational  process.  A further  factor  to  be  considered 
is  the  signal  conditioning  applied  to  each  sensor  input,  as 
well  as  minor  contributions  yielded  by  holding  period  in  the 
input  shift  register,  computational  delay,  and  pulse-width- 
modulated  D/A  converter  signal  shaping.  These  latter  factors, 
however,  appear  small  in  comparison  to  the  major  limitations 
of  slew  rate  limiting  and  individual  signal  conditioning  in 
determining  the  computational  bandwidth  constraints. 

The  bandwidth  characteristics  of  the  incremental  computer 
have  been  demonstrated  to  be  more  than  adequate  for  the  AFCS 
requirements . 

3. 2. 3. 2 Computational  Efficiency 

The  arithmetic  section  of  the  computer  is  a mechanization  of 
a general  algorithm,  which  is  particularly  suited  for  the 
solution  of  algebraic  and  differential  equations  in  real  time. 
An  "algorithm"  is  a name  for  the  computational  operations  that 
are  performed  by  the  time-shared  incremental  arithmetic  sec- 
tion during  a specified  time  interval  within  each  computer 
iteration.  Those  operations  performed  most  efficiently  are 
summation,  multiplication,  division,  integration,  filtering, 
and  square  root.  Logic  and  nonlinear  functions  are  performed 
much  less  efficiently. 

For  this  reason,  most  of  the  logic  operations,  which  appear 
to  a large  degree  within  helicopter  control  system  laws,  are 
separated  from  the  computer  software  and  performed  in  hard- 
ware within  the  input-output  processor  unit. 


1.2, 3. 3 Computer  Memory 


Program  Memory.  The  computer  is  a stored  program  machine  with 
program  storage  capacity  for  512  algorithms  of  instructions 
of  w)iich  256  can  be  computed  during  one  computer  iteration. 

The  program  memory  provides  sequential  control  of  the  incre- 
mental arithmetic  unit.  A conditional  branch  test  is  utilized 
to  control  the  selection  of  program  instructions  for  these 
algorithms;  thus,  the  problem  being  executed  at  any  given  time 
may  be  varied  as  a function  of  mode  control  logic  or  of  com- 
puted variables. 

Initial  program  memory  estimates  permitted  approximately  80?’ 
growth  capability,  including  the  approach  to  hover  mode  for 
the  512  algoritlim  capacity. 

The  basic  program  memory  consists  of  four  boards,  each  board 
containing  twelve  erasable/reprogrammable  MOS-ROM  (metal 
oxide  semi-conductor  - Read  Only  Memory)  devices.  These 
devices  are  erased  by  means  of  ultraviolet  light  and  are 
programmed  through  the  application  of  a high  voltage  level. 

The  four  beards  are  all  keyed  differently  so  as  to  fit  only 
in  the  proper  location  in  tlie  computer.  The  Read  Only  Memory 
is  organized  such  that  eacTi  of  the  four  l)oards  contains  128 
algorithms.  Each  board  contains  IS.ih,  16-bit  words  or  24,570 
bits  per  board.  Total  program  moraot  y contains  90,304  brts. 

In  order  to  facilitate  software  checkout  and  verification, 
an  external  alterable  memory  unit  (RK  x 18-bit  core)  can  be 
used.  Two  interface  modules  are  used  in  place  of  the  program 
storage  modules  (four  ROM  boards)  when  using  the  memory  unit. 
The  four  ROM  boards  and  the  program  storage  control  board  are 
removed  when  using  tlie  external  program  memory  unit. 

Variable  Memory.  Four  working  shift  registers  (Y,  U,  V,  X) 
are  used  to  store  the  16-bit  whole-word  variables  that  are 
computed  by  the  incremental  arithmetic  unit,  A fifth  shift 
register  (rho) , containing  40  bits,  is  used  as  an  accumulator 
for  products  and  additions  of  the  w);oio-word  variables  and 
incremental  changes  i,i  variables.  Tiie  size  of  the  rlio  regis- 
ter permits  computational  surge  to  insure  tliat  there  is  no 
loss  of  information. 
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Increment  Memory.  The  result  of  each  alyorithm  computation 
is  a four-bit  increment  that  is  stored  in  a preassiqned 
location  of  a random  access  increment  memory.  This  increment 
result  can  be  accessed  at  any  alyorithm  time  to  be  used  in 
the  computation  as  an  input  to  any  of  the  256  algorithm  func- 
tions. Thus,  a total  of  512  four-bit  words  are  required  for 
increment  storage. 

Parameter  Change  .Memory.  All  parameter  changes  to  be  made 
inflight  are  stored  in  a random  access  memory,  which  is 
accessed  through  the  Parameter  Change/Display  unit  on  the 
cockpit  center  console.  The  values  stored  in  the  parameter 
change  memory  are  summed  with  the  Sp/Sq  constants  located  in 
program  memory  to  form  new  parameter  values  for  computational 
use;  however,  the  basic  program  memory  constants  remain 
unaltered . 

3. 2, 3.4  Accuracy 

The  ICF -733  system  is  a highly  accurate  control  computer  sys- 
tem. The  analog-to-digital  and  dig ital-to-analog  converter 
word  lengths  are  12  bits  and  the  internal  word  length  is  16 
bits  inciuding  sign.  The  digital-to-analog  conversion  is 
done  by  setting  a sample  and  hold  from  the  output  of  a 
digital-to-analog  converter.  Because  of  the  high  refresh 
rate  and  the  quality  sample  and  holds  used,  the  dc  outputs 
are  held  within  . 1 percent  of  nominal  and  the  ac  outputs  are 
held  within  .2  percent  of  nominal. 

In  the  arithmetic  section  of  the  computer,  a 40-bit  register 
(rho  register)  is  used  to  sum  up  partial  products  and  to  retain 
the  residual  after  each  algorithm  output  increment  has  been 
generated.  The  combined  characteristics  of  the  rho  register 
used  to  sum  up  the  partial  products  and  the  increment  selector 
characteristic  yields  an  accuracy  for  the  lb-bit  internal 
variables  equiveilent  to  using  a 16-bit  representation  in  a 
whole  word  computer  and  rounding  after  each  computation.  The 
rho  register  also  serves  as  a surge  register,  insuring  no 
loss  of  information  when  the  machine  momentarily  reaches  slew 
rate  limit.  The  accumulation  of  partial  products,  which  arc 
formed  when  mechanizing  a digital  filter,  is  achieved  by  the 
rho  register.  This  permits  pole  placement  accuracy  greater 
than  that  offered  by  a 16-bit  whole-word  computer  using  double 
precision  arithmetic. 
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3 . 2 . 3 . Redundant  System  Operation 

The  triplex,  drgital  A.t'< 'S  is  ■ if.,  igned  to  provide  fa.il- 
opcrative/fiiil  safe  per  1 ornianee  , This  requi r emoriL  j.s  mechan- 
ised witii  an  active  tr.i  p i e-redundanl  !'.y.st  ('in  cuid  .til  failures 
are  con.sidorcd  to  f;e  wit.h.ln  the  definition  i;  eqni  r<.'m(jnt  for 
fail  operational  pertoi'mance . The  .system  is  dc-.scr i lied  as  an 
"active  parallel  redundant"  sy.stem  in  t lie  sense  tint  eacli 
computer  channel  is  powered,  online,  and  performs  identical 
functions.  The  system  is  iilso  "active"  in  t tie  same  .sense  that 
it  lias  the  capability  of  detecting  the  isol  itiivj  f.mJ.ts  and 
inhibiting  their  propagation  as  contirol  output  conurumds. 

IVo  of  the  most  iuijx .i.Lant  1 eat.", res  lor  eiiupl  if  uat  i.on  of:  the 
rodundanr  interface  design  is  laeiiiau  sfonsoi  input  selection 
and  identical,  time- .syncliron  i Xtel  t i rms  . The  input/ 

output  processor  contains  tluj  key  h.ardware  elenient.s  which  pro- 
vide for  the  median  selection  of  all  input  signal.s  and  the 
triple  redundant  clock  mechani  zat  ion  wliich  piormits  synchroni- 
zation of  three  computers  on  a l.)i. t -by- 1)1 1 basis.  This  subject 
is  treated  furtlicr  in  Ledundancy'  inanagemnnt'.  within  the  LOP. 

The  advantage  of  pr.-ividing  cc.ihr-rent  datci  inputs  and  l:iming  to 
each  computer  chan.'.e  1 are  rewarded  Ijy  i dt.-ntic.al  dynamic  track- 
ing of  the  real  time  processed  output.s.  This  is  of  particular 
significance  when  the  software  proc<'ssing  requires 
integrations . 

3.2.3.G  Interfacing  Requirc-rnents 

Power . The  compute-r  unit  operates  from  (in  el  11)  Vru? , 4u0  JIz 
aircraft  power  sourct's  win  cfi  comply  \./itli  th.e  iwqu remonts  of 
MIL-STD  -704 A. 

The  regulated  dc  \'ol  rages  inquired  oy  the  coiui.)uLt  i unit  atr- 
generated  within  tlie  unit  from  the  lit  Vac  line.  toss  of  :. 
single  ac  source  v;ili  not  r'au;.e  tlic-  loi;s  oi  the  computer 
oper at i on . 


Internal  failure  monitoring  is  conl.nntHf  in  the  supply  to 
annunciate  the  los.s  r)f  eitiu  r pr.inei''V  ug)ut  power  source  or 
an  out  -o  1 - t.ol  o r a 1 ie«:-  ('(..inilit  ion  on  any  legulait'd  SLipply  oid.,put. 

2H  Vdc  power  is  cilso  snjipl  led  to  fdn.  e(,iuput,t‘r  to  opiuate  the 
BITK  fi.i.j. 


signal  Inputs/Outputs.  All  variable  and  discrete  computer 
inputs/outputs  are  made  through  the  lOP.  The  computer  is 
timed  to  receive  and  transmit  inputs/outputs  within  two  dis- 
tinct cycle  times  of  one  iteration  period. 

Computer  Inputs 

• 48  serial -digital , 16-bit  2's  complement  binary 

• 64  discretes  or  64  4-bit  serial  increments 

Table  15  lists  the  computer  variable  inputs  in  cycle  1 and 
cycle  2.  Note  that  the  algoritlim  numbers  indicate  when  the 
input  is  received  by  the  computer.  Processing  in  the  lOP 
occurs  two  algorithm  times  earlier.  Inputs,  including  those 
that  do  not  require  conversion  are  listed.  Table  16  lists  all 
the  computer  discrete  inputs.  There  is  no  algorithm  delay  on 
discrete  processing. 

Computer  Outputs 

• 32  serial -digital , 16-bit  2's  complementary  binary 

• 64  discretes  or  64  4-bit  serial  increments 

Table  17  lists  the  computer  discrete  outputs.  The  variable 
outputs  are  reflected  in  Table  21. 

Data  Address/Display  and  Change.  dach  computer  directly 
interfaces  with  the  Parameter  Change/Display  unit  which  allows 
the  pilot  or  engineer  to  display  the  value  of  any  input/output 
variable,  the  contents  of  any  program  memory  location,  and  any 
internal  computer  variable  associated  with  each  computer.  The 
capability  is  also  provided  to  input  delta  changes  to  program 
memory  contents  without  directly  altering  the  basic  programmed 
values . 

Data  Recording.  Each  computer  directly  interfaces  with  the 
Digital  In-flight  Recording  System.  Timing  is  provided  only 
by  computer  A to  the  recording  system.  Raw  sensor,  voted 
algorithm  X and  Y register  information  and  selected  memory 
constant  parameter  data  can  be  recorded. 
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Table  16.  Computer  Discrete  Inputs  (CDI) 
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3. 2. 3. 7 On- lino  Monitoring  Capaliility 

The  computer  contains  extensive  on-line  internal  monitoring. 
Parity  checks  and  timing  monitors  are  used  to  provide  a com- 
prehensive failure  detection  capability.  In  addition,  com- 
putational overflow  monitors  are  provided.  This  monitoring 
contributes  significantly  to  the  fault  isolation  performance 
of  the  entire  system. 

One  of  the  computer  boards  is  dedicated  to  BIT.  Continuous 
BIT  consists  of  the  following: 

• Continuously  on-line  computational  test  problems 
(executed  through  the  lOP) . 

• Parity  check  on  program  instruction  readout  and  all 
variable  storage. 

• Read/write  check  on  increment  storage. 

• Timing  and  power  supply  monitors. 

• Memory  overflow  monitor. 

Storage  Memory  Protection.  Storage  memory  protection  is  pro- 
vided for  all  program  memory  instructions,  parameter  constants 
and  machine  instructions.  All  parameter  data,  program  control 
instructions  and  address  instructions  are  stored  in  the 
Erasable  ROM,  and  as  a result,  are  protected  from  any  type  of 
electrical  transient,  etc.  The  machine  operating  instructions 
are  mechanized  as  the  general  algorithm  and  as  such  are  hard- 
wix'ed  in  the  computer.  System  and  program  ’^''ariables  are  the 
only  parameters  that  are  no*"  protected  in  the  event  of  power 
failures,  etc. 

Overflow  Protection.  The  computer  program  is  written  such 
that  maximum  input  combinations  of  all  variables  do  not  cause 
an  overflow.  Functions,  such  as  integration  have  software 
limiters  programmed  for  overflow  protection.  A hardware 
monitor  is  provided  such  that  in  the  event  an  actual  overflow 
occurs,  the  system  is  protected  and  the  overflow  is  treated 
as  a computer  failure. 
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3.2.4  Int3ut/0\iLpnt  Procop.sor  Description 

Tlie  input/cv.itput  processor  provides  all.  interface  require-' 
ments  between  the  computer  unit  and  tlio  fliqht  control  system 
sensors,  stick  pick -offs,  cockpit-control  driver  actuators, 
spec3d  trim  sysleni,  fliqht  director  anri  ground  velocity  indi- 
cator, mode  select  and  system  test  function  panels,  failure 
and  discrete  status  panels,  and  tlie  diri^ct  electrical  linkage 
subsystem.  The  lOl’  also  provides  all  ol  Llic  Ivasic  rt.'quire- 
ments  for  reilundaucy  manageinf'nt , failure  detection,  failure 
protection  circuitry,  timing, and  BITK,  A block  diagram  of 
the  lOP  is  shown  in  Figure  120. 

3 . 2 . 4 . 1 Anal  og  I npvit  Processi  ng 

A total  of  36  analog  inputs  to  the  lOP  must  be 
transformed  into  a dc  signal  before  being  applied  to  the  A/D 
converter.  Sixteen  ac  inputs  are  first  deniodulated 
vasing  the  appropriate  reference  pliase  supply  and  then  signal 
conditioned.  Four  synchro  inputs  are  applied  to  trans- 
former modul<--s  which  ct.jnviu't  the  thrco-v.'irc;  input  information 
into  tvv^o  components  i v'.  ejuadrature  by  means  of  a Scott-T 
transformer.  The;  outputs,  sine  and  cosine  two-wire  ac  sig- 
nals, arc  then  demodulated  and  signal  conditioned.  Sixteen 
dc  inputs  are  ap[-liod  to  the  signal  conditioner  circuits, 
which  act  as  buffer/gain  l)locks  between  the  sensor  inputs  and 
tlic  A/D  convertor.  All  einalog  inputs  to  tlie  lOP  are  listed 
in  Tabl(.'  IH. 

In  the  lOP,  there  is  a single  A/D  converter  to  which  4R  chan- 
nels of  dc  information  is  multiplexed.  Tlie  multiplex  switches 
are  closed  at  the  l^eginning  of  an  even-numbered  algoritlim; 
the  signal  is  t fion  allowed  to  settle  for  13. (i  microseconds, 
after  which,  a ccjuvert.  conuuand  is  given,  and  tlie  A/D  converter 
modvile  converts  the  analog  .signal  to  a 12-bit  digital  word  in 
25  microseconds  using  successive  approximation.  Conversion 
is  completed  in  one  algorithm  time.  The  digital  data  is 
shifted  out  of  the  A/D  converter  into  a shift  register  on  the 
sen.sor  comparator  card  with  the  converted  datti  loaded  n the 
lower  12  l.(its  o!  the  l()-l,Mt  .serial  word. 

3. 2. 4. 2 Siqn.tl  Input  Cond.i  tioni  ng 

Ac  and  dc  sensor  sign  i I;;  atw  input.  (.1  i f 1 erent  i a i ly  to  opera- 
tional ampiifiers  to  reiluet/  .signril  noisi-.  The  .inipl  i. f i :;r s 
al.so  ,ud.  us  active  i i 1 t.er  networks  proviiiiiig  t'/.xj  iirst  firler 
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lags.  'riu-'  filter  time  constants  are  designed  to  attenuate 
sensor  noise  and  undesirable  harmonic  frequencies  attributed 
to  airframe  vibration  and  rotor  downv/ash  effects  upon  the 
pitot  static  system  without  compromising  control  loop  stabili- 
ty and  performance  appropriate  to  the  individual  sensor. 

3. 2.4.3  Serial-Digital  Data  Processing 

The  lOP  is  designed  to  receive  two  serial-digital  asychronous 
32-bit  whole  words,  although  the  computer  is  computer  is 
timed  to  receive  a total  of  six  serial  digital  transmissions. 
Serial  data  from  the  Inertial  Navigation  Unit  containing  N-S, 
E-W  velocity  information  is  transmitted  to  the  lOP.  Each 
word,  32  bits  in  length,  is  updated  every  50  m sec.  Data 
transmission  being  used  for  HLH/Al'C  differs  from  the  ARINC 
561-2  standard  in  that  the  MSB  (most  significant  data  bit) 
is  bit  30,  rather  than  29,  thus  making  the  sign  bit  31  and 
parity  bit  32. 

3. 2.4.4  Discrete  Input/Output  Processing 

The  discrete  inputs  to  the  lOP  are  listed  in  Table  19.  These 
primarily  consist  of  functional  commands  from  the  mode  select 
panel  and  the  system  test  function  panel  plus  cockpit  control 
functions.  Some  operational  discretes  are  issued  from  sensor 
subsystems.  The  lOP  accepts  logic  levels  of  28  vdc,  5 Vdc 
and  ground- to-open  which  are  buffered  to  operate  high-level 
NAND  logic  gates. 

Discrete  and  logic  inputs  are  fed  to  four  I/O  discrete  and 
mode  logic  circuit  cards  as  shown  in  Figure  121.  On  each  card, 
16  discrete  signals  are  multiplexed  onto  one  output  line. 
Logical  operations  are  performed  on  the  discrete  inputs  before 
multiplexing.  The  four  discrete  data  lines  are  gated  on  the 
timing  three-circuit  card,  generating  a signal  that  is  combined 
with  digital  and  converted  analog  input  data.  Tlie  combined 
data  signal  is  sent  to  the  median  selection  and  voting  cir- 
cuits, where  the  sensor  input  information  is  proc(?ssed  as  des- 
cribed in  Section  3.2.4.10,  and  to  the  discrete  voters  and 
failure  monitors.  The  voted  discretes  are  recombined  with 
the  sensor  inputs  in  the  circuits  which  drive  the  data  bus  to 
the  computer.  The  computer  discrete  inputs  arc  processed 
during  even  algorithm  times  0 tlirougli  62  and  192  through  254  . 

Discrete  outputs  are  received  from  the  computer  in  odd 
algoritfun  times  1-49  and  129-175.  These  outputs  are  fed  to  a 
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Table  19.  lOP  Discrete  Inputs  (PDl) 


Nn  . 

OiAtralr  Slfnat 

tfoMcre 

Tie* 

1 

Dtirt  Ci*«r 

Mode  Select  Panel 

)1  rdc/o9vn 

; 

Arcs  Salail 

Mode  Select  Far>el 

11  rdC/'open 

3 

Coupta^i  Approach 

Mrxje  Select  P«nel 

2t  rdc/open 

4 

Hover  H.*M  SelefJ 

MuOe  Select  r'lMel 

20  rdr/open 

S 

Hover  Trin  Select 

Mode  Select  Panel 

21  vdc.'Ofien 

n 

vei  Mraie  <<)rri  -voki* 

M>>de  Select  panel 

26  vdc/np«n 

7 

Vet  iTecav  Selerl 

MMe  Select  Panel 

20  vdc  'open 

4 

A/S  Settrt 

Mode  Select  Panel 

20  vdf  ■Tpen 

1 

0/S  Select 

Mode  Select  Panel 

20  vdc . open 

10 

fUdar  Ait  Select 

Mode  Select  Panel 

21  vdc  open 

1 1 

Bern  Alt  Selei'.t 

Mode  Select  Panel 

21  vdc  ^Of>en 

12 

Loed  .Stab  On 

Mode  Select  Panel 

20  vdr/ofen 

1 1 

Error  Reaei 

Mode  Select  Panel 

26  vdc  open 

14 

Syfiem  Heeet 

Mode  Select  Panel 

20  vdr/open 

1 ^ 

on  (.  Aim 

MikIi-  Select  Panel 

20  vtlc.'ufitn 

Ih 

A yes  if 

Mode  Strict  t Panel 

28  vde/open 

1 1 

Alt  Hold  Selec  t 

MikJc  Select  Panel 

10  vdr  ^op«n 

11 

Lf.CC  Selerl 

Mode  Sele<  i panel 

20  vxlc/i;^en 

1$ 

If9  It'I  Seiftk 

Mrrdr  Select  Panel 

21  vdc/open 

2 0 

Ironf  Aete  Teat 

Syateni 

Te*.l  Function  Panel 

20  vdc/o^ien 

2 

Lat  Asia  l eaf 

System 

Tcai  Funcltun  Panel 

20  vdc/open 

i; 

r>tf  An  I«  Te^i 

Sy«tem 

1e«t  Function  Panel 

20  vd"?  vn 

2 

Vert  AxIa  Teat 

Syalen 

7 eat  f om  tlon  Panel 

20  vdt;  a(’*'n 

24 

LCy  Teat 

fiys«rn> 

T^*t  lunctton  Panel 

20  vd»  n;  rn 

.'S 

Ntf  Amplitude 

System 

Test  f unrtion  Panel 

2y  ' Jc  open 

26 

LO  • AmpiHude 

System 

Ten  F'unction  P»n*l 

20  vUe  open 

2 

MI.P  A.-i.piuude 

SyAtein 

Test  Function  Panel 

20  vdc  >peii 

20 

HI  Amplitude 

Syatcni 

letl  Fu'.ctlon  Ta.nel 

2a  id:'  yptfi 

. '♦ 

Pvlae  Input 

Sys’e*" 

leu  Function  Panel 

20  vdc  ■ Open 

III 

Ramp  Input 

b^Atem 

lest  FuncUon  Panel 

20  \d(  ''p-ft 

n 

Step  Input 

Syateni 

Teat  Function  Panel 

20  vdr  open 

u 

oar  Teat 

Syatein 

Test  Funciinn  Panel 

21  vdc.  open 

] j 

Parallel  Teat 

System 

Teat  Function  Panel 

20  vOc  open 

34 

CuA*-  Input 

System  Test  function  Panel 

20  vdc  open 
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L.dn|  Attv  Crtat'le  Select 

Syatem 

Test  Function  Paid 

20  vdc  open 

14 

Vert  Akia  SelAct 
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)> 
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FIGURE  121,  DISCRETE  IMPUT/OUTPUT  PROCESSING 


voter  and  failure  monitor.  The  voted  outputs  are  clocked 
serially  into  a register.  When  all  discretes  within  an 
iteration  have  been  received  from  the  computer  unit,  the 
shift  register  transfers  the  data  to  a holding  register 
which  is  directly  coupled  to  output  drive  circuits. 

Tlie  majority  of  lOP  discrete  outputs  drive  lamps  in  the  mode 
select,  AFCS  failure  status,  sensor  failure  status  and  dis- 
crete status  panels.  A list  of  these  outputs  is  given  in 
Tabic  20. 

3. 2. 4. 5 Sensor  Signal  Processing 

The  circuits  that  process  sensor  input  signals  are  located 
in  the  lOPs.  These  circuits  have  a threefold  purpose: 

• To  ensure  that  the  computers  receive  a valid  input  in 
usable  form. 

• To  ensure  that  all  three  computer  units  receive  identi- 
cal inputs  so  that  the  computations  performed  by  all 
computers  will  be  identical. 

• To  monitor  the  inputs  for  failure  and  provide  failure 
status  information  to  the  other  circuits  that  require  it. 

The  processing  of  sensor  inputs  differs  si ightly, depending  on 
whether  the  input  is  triplex,  dual  or  nonredundant . Figure 
122  shows  the  signal  flow  for  triplex  sensors.  Dual  sensor 
inputs  are  processed  as  if  they  were  triplex  with  one  channel 
failed,  and  arc  connected  to  channels  A and  C.  Nonredundant 
(simplex)  inputs  are  fed  to  all  three  channels  and  processed 
like  triplex  inputs,  however,  it  is  to  be  noted  that: 

» No  failure  of  a nonredundant  sensor  will  shut  down  the 
system. 

• Failure  indications  apply  only  to  input  signal  con- 
ditioning circuits  since  all  channels  receive  the 

s unit ' s i 1 j n a 1 . 
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Discrete  Outputs  (PDO) 


;Or  PISCKI.TK  OUTPUTS  (H») 


No^ 

OlTff  S i_gna  1 

QeaLinatinn 

TXP«  1 

1 

Sy«t«»  2nd  f'411 

AfCS  Failure  Statue 

Ground/Open  { 

2 

] 

Computer  Tirst:  FaII 

Computer  Input  r«tA 

4 

Corput^r  ClocK 

5 

Computer  Iteration  Reset 

! 

6 

Computar  ROH 

7 

Computer  RAM 

1 

CC)Mpt>te(  Shift  A«9ister 

♦ 

Computer  Power 

10 

Computer  Overflow 

1 } 

lOP  r 1 r*t  r J 1 1 

1 

TOP  Output  Data 

IJ 

lop  Input  Diecrete 

14 

lOP  Iteration  Reset 

t i** 

lOP  Cioek  Switchover 

; u 

lOP  PrimaXY  Clock 

17 

lOP  Secondary  Clock 

;« 

iOP  power 

Longitudinal  Rata 

APCS  Sensor  Failure 

Statue 

20 

Long  It  idinal  kttl  Cude 

2\ 
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22 

long  J tudlna 1 Cont  col 

Poaition  Trantducars 

2 1 
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1 

1 

1 ■* 
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1 2 7 
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1 2lf 
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1 )0 
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i 1 1 
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kf  1 i ..t  t , » li.je  » t M 1 
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Table  20  (Continued) 


No. 


DL^cr«t# 


Dc»tin«t  Ion 


Txtf.. 


j 

I 

i 


7K 

7'^ 

io 
a i 

9 2 
i j 

14 


Kf  C5>  Oi  I.  t rtifMqm 

Arcs 

rnq«^#  IDl 
CP  I P Fr)g«<f# 

U:tv  in*hi«.1 
Hov«*r  Crvqa«j« 

All:  Hold  C'^q«g« 

R«d«r  Alt.  Hold  Cn9«x4« 
Hov«r  Trim 
Ort/t  Claar  Cngaija 


Moda  Salact  P«nal  2a  vdc/opan 

Mod*  Selact  PAf>«l  Gnd/opan 

29  vdc  bulb 


aaro  a1» itod*  Hold 
• 7 PHS  R<ilf)ck  CWO 

j 9 9 PHS  <)|>arata  CMO 


Haro  Aitituda  Sanaoc 

PHS 

PNb 


21  vdt. /op^n 

5 vdc  / opan 
5 vdc / opan 


I 99  Vart  ('CI>A  Cnga^a 

90  bor\*}  'CDA  Enga^a 

"I  Lat  CCOA  Cr\9a«;a 

j 92  01 r rCDA  Cn^a^a 


CCOA  eiacitooica  29  vdc/upan 

i i 


* : 
! 44 

i 

i 

97 

99 

I 99 

' I 00 
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ATr:,  if  QjL 

Aprs  I/O  Aaaat  f>CL 


20  vdc/ opan 
29  vdc/opan 
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Val<;city  Sea!#  I'hanqa 
LCC  AriMd 


Hoda  Adviaory  Panal  Crvl/opan 

i 1 

Ctouttd  Val.  Indicator  21  vdr/opan 

U'C  Arktcd  Light  29  vdc/opan 
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FIGURE  IZZ.  SIGNAL  INTERFACE  FLOW  FOR  TRIPLEX  SENSORS 


■3.2.4.()  Analoij  (Mjtput  , i ntj 

'I'hc  lOP  has  a .12~<'htinn< ■ i ditji .tal/cindl.oi|  (l)//\  (■oiiv'ort.pr)  but 
only  16  samp  Lo-and-li()l<l  o’irou.its  airo  mechan  i al . Tlie  analog 
outputs  oj  th''  AFCS  aro  listed  in  '[’al>le  21. 

riu’  computer  outputs  arc  fed  to  ifia]oriLy  lo.g.ic  voters  in  each 
lOIb  The  vr)te<i  outputs  are  loaded  intej  a register  during 
time  slots  T 1 - T' I • ■ of  even  a ! gc.-)!,- i thins  0 ■ 2<'  and  I2t'i  - 138. 

While  an  output  is  stored  in  tiiis  register,  it  i tested  tor 
overflow.  In  the  next  succeeding  even  a Igor  a iJiiip  the  output 
is  sliitte-d  out  of  the  taxjister  into  t.iie  .input  reiiister  of  the 
D//\  conv’U't.er,  'wJii  lii,*  the  next,  output;,  is  ;,i;  l l ta.’d  int<;)  t.lje  (..iver** 
flow  detect. ion  ,ieg:ister.  The  b/A  convert.'),  ,.•ut^)ut  is  allowed 
to  settle  for  ‘..'u  remairKier  oi  the  rlcTei.  j thm  time.  The  ladder 
sunmiiiui  netwoi  and  its  eu)  i < .it  h-ive  a.mpl.ii'ier  a i allowed 
12  microseconds  toi.-  set  t line  , it  ter  the  o/A  tegistev.'  is  loaded. 

This  \ r,  cu.iout  twic.'  tie  time  legu  i r ed  i or  rh.  ainj,.  i.  i f i.er  to 

settle  witlvin  1/2  h.sii. 

hixteeii  sanif>l  e-and-.tio  1(1  (.•  i reii  ..  t r ire  coiitiecLiai  ‘ i.)  t].ie  .0/A 
converter  output.  The  samp  1 e-,,nd~l,o  1 d e i -.-u  i.  ts  arC'  supplied 
witli  <.i  D/A  strc^lie  ;.ignal  and  a g.iti-  sig'na!  1 rom  on*.'  of  three 
deniu  1 1 i p 1 exi  ‘ r s . V\lu’n  taith  ot  t 'lei.e  Digi  ■ .;i<jnals  are  low, 
the  saniple-and-hol  i sw.iteh  is  eloseil,  u.l  'lie  mu  I Li  plcxe.l 
sample  and  hold  Is  i.tu  n plcie.ut  lut..)  i ju-  ..uvipic-  mode  1 or  24 
mi  c r e seconds  and  t.h'-  l)//\  et  .ii'.n -i  tc- 1 luitf.ut  is  -u  ■(.  i.i  i r r'd  . It-  i.s 

t-hen  rt-'turiK-d  te  l;u-  tu.ld  imxii'.  A tyj  icMi  vitiKip  tiu  the  cir~ 

euit  is  lOd  M a/ sec. 

All  ou  t |)u  t-  s i . n 1 a I . . 1 1 . ■ : > V ' I i t •(  i if),  a 111  \ ■ a ( ' . i . i g > a r i ' a.*  i n t.  ci  1 1 i ( 1 1 1 
imi.eiiaiice  l.rids  .-xcej.it  u.a  tin-  t 1 ight.  iiireet.a  '-.einal;;.  Thf' 
output  impedance  e!  1 tie  samjd . ■-..nd-l'.oM  eireiiit  ’S  low  anii  the 
output  b u t 1 ( * r i".  s 1 r- 1 ( > i \'a  1 11. ' s i s s. . a Li  - . t \\  i t 1 1 t i ; e i 1 ig  h t 
director  art.-  elio.ien  tt..  .pive  pnopei  in. tie  itiu"  <!.-i  lei..'Lion. 
lx  uig  i 1 ut.i  1 na  1 ■ 1 1 . .undsj.'i.*ed  o..n  put  is  meelr  i ii  i /e. : - .u  1 m 

tliannel  J\ . l,at(.-i-al  groundspt.-ed  o.iti’iit  is  inechan  i /. 'd  ou  i y 
11’  t'iiann.'l  C.  'I'tie;  [.ermi  ts  11, <■  loLai  liumir.-i  o!  . le  out. put;: 

}.)(  1 III)'  t. . i , ■ m , 

^ . -1  . ' ( ’ D air!  : ! 11,  i 1 1 I 1 1-  ' u 1 e 1 .1  1 1 

lilt  t 1 111. ' s,  y ne  t ■ I , lu  1 .1  e.-'i  .1  tl.,-  t h i . i.dundant  t (lanuels  is 

,1  ( (. ' oi  1: p 1 1 , 1 1 1 *,  i 1 , . ’ I i - 1 ■'. ■ 1 ! ! ■ I , - ‘ . i t t ' 'll,  t ! : 1 , . . I'.t  ■ e s ( ' i 1 1 i 1 o r r a ' I e r — 

'‘■ice,  Ttie  tail  '.pii  lat  e.'iil  r.  ayi  1 1 eli-eiil  I.:  tiauiled  U','  11 S .1  ruj 

tWf ( . St'  i 1 1 .1 1 01  s a U'  1 ; • 1 1 , i 1 1 1 1. 1 I , , tilt  u u i II.  a t i a 11  'S  1 n t - 

/ (, 
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FIGURE  123  SYNEHRONIZEO  REDUNDANT  CLOCK  SYSTEM 


free  manner  upon  the  fad  lin  e of  tiie  first.  Primary  and  sec- 
ondary oscillator  monitorinq  circuitry  and  switchover  logic 
is  repeated  in  each  channel  so  monitorinq  circuitry  and  switch- 
over logic  is  repeated  in  each  channel  so  tb.at  failures  of  the 
switchover  circuitry  in  one  channel  cannot  affect  the  other, 
two  channels.  The  switchover  command  generated  in  each  cdiannel 
is  voted  with  the  other  twe  channels  to  affect  all  three 
channels,  switching  over  to  the  secondary  oscillator  simultan- 
eously when  two  channels  have  detected  a failure  of  the  primary 
osciJlator.  A simple  monitor  is  used  that  essentially  compares 
the  oscillator  signal  with  itsel f , del ayod  1/2  the  nominal 
period.  A pulse  is  generated  whose  width  is  proportional  to 
the  difference  of  the  oscillator  period  from  nominal.  ff  the 
width  of  the  generated  pulse  is  greater  than  a given  time 
delay  (this  sets  the  tolerance),  an  oscillator  failure  pulse 
is  generated  and  a failure  latch  is  set. 

3.  2 . 4 . 8 Powe  j* 

The  lOP  operates  on  dual  source  115  VAC,  400  Hz  single-phase 
power  and  single  source  28  volts  DC.  The  regulated  DC  voltage 
required  by  the  TOP  circuitry  is  generated  with.n  the  unit 
■from  the  115  VAC  line,  and  is  arranged  such  that  D ss  of  a 
s. ingle  AC  supply  will  not  cause  the  loss  of  TOP  operation. 

The  28  VDC  is  used  for  control  logic  and  BITD  flag  drivers. 

.3  . 2 . 4 , 0 Hu  i 1 f -In-Test  Equipment  (BITE) 

This  constitutes  an  important  part  of  the  I OP  design.  The 
BITE  system  is  semi-automatic  and  is  used  to  detect  fcsilure., 
within  V he  system  failure  detection  circuits.  The  principle 
used  is  that  if  during  preflight  test  it  can  be  determined  that 
all  failure  monitors  are  working  properly,  then  the  pro'oability 
of  oudetected  failure  occurring  in  flight  is  greatly  rodneed. 
Thus,  the  BITE  system  can  only  be  armed  wlion  the  eng  i ni'  throttle 
levers  are  in  Die  OEP  fiosificn,  otlierwi;ie  BITE  is  inhibited. 

The  Bl'PE  fuiKV.ion  is  .separated  into  simplex  chan;. el  and  tr'- 
plex  systiim  tests.  T'he  channel  test  conn.ists  of  32  t i nu'  slots 
w)iich  check  all  the  failure  monitors  in  one  cfiannel  v'h  i 1 e tlie 
whole  syst.em  is  opi-ratinq.  This  is  run  throucjl;  tor  c.ich 
c.'hanncl.  The  SY'stem  test  cheirks  f:  !u.‘  opi'ration  of  the*  ltd  pi  ox 
failure  monitors  in  15  time  slots  and  is  run  once.  An  c.)Ut  1 uie 
of  tlu:  test  seijuiaice-  is  given  in  Table  22^ 
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Table  22  (Continufid) 


V.iilitrf*  MtmUurril 


St|rnjl«  \<  < I'  Jlf'l  f‘.  .>  1 1}  iii¥i 


N<>  I o >‘S 


I’llrh  lUl* 
ai  I»..tr 
Y4w 

Ni>  rk(p  |r>  f rrittrt 


»'<t.  h ItjlY 
Ib-M  K.Ke 
Ya«  lUte 


^ rr«ir  i t ii  f <hs(  r.‘i«»  ■•rtor* 

( 1 1 I rsrt 


• < k f f in>  ,'i  It  v.i  I /.I  liiir  c-N 

n.il4'  |;yi  !•  t'  -I  j’o  .iiiv<-  S<  n • , } uluii’ 

»■  H,  . r«‘Li . •»  t.>  I ,t  II  isri'^ 

r .it ■•  |.>  j • s 1 "S  It  iv(*  ^ 

\ I r»fr  roA/  l u-.--r  h uhjr# 

r'oinput. i1lon.il  < link  I’l.H  J.ii'urrf  hivl*  iki  iirrpfl 

and  f <•  *rt  r r r nri 
C hoi-K  ('.•»  riK  inUu  I fa  I litrr  « 

Mali*  (Tyre  tej.t  negative  S<-ns'.>f  I.iibiie 

Kn,;  ir.''  f <•  u \ >*  to  tvir  a 1 1 i ; re« 

rate  itytel  negalivt 


F m>r  Seniii.r  Tailnre 

('orniniUtn  *.4 1 r ( < ‘.ei  k ( a 1 1 . r e % tii  v e . i.  j r < ed 

ami  e< et  rork 
Stop  lequenc  ff 

Ml  iininafe  t.O  bght  r>n  Ull  ! Pan^l 


N ’ ans  \#r<ir\(t  failure* 


littoral  all* 

I 'i.ciiu'lirul  4X1* 
tioiul  axis 
I’fid  (allure* 


Analog  outfMt 

He  lOI-  Ullur** 
I)l^rlrte  l*t 

L'l*rmv  2nd 


Frmr  reset 
CotonuLatioru I rr5(’i 


H»t*  gyro  tr4t 
rh^nei  A imj^atr/e 
ebarvir  I C ive 

Krr'.>r  rfsei 
ComputatKvnal  reaei 


Ana  lug  Input 


('liaainrl  A diarirte 
Input  failure 

Channel  fi  diet  ret* 
Input  (allure 
Er  ror  r#*et 


N-  , .•ii.|Mj»er  <wer<i..«* 

K‘  walem  abutdriwn 

( ■ oipijit  1 overlluw  X/Y  uvt.'di'w  tr*t 

.Svatrm  elutdown  l.rror  ir>et 

Coniputatlunal  frvet 

( orriLrutri  inrecflow  tJ  V iiy*iti'>a  list 

o o 

F.rr«»r  reaet 
('untpuia<>t>fv*l  rt-aet 


Ss  Meii-c  7n»t* 

Initialiie  stem  test  srquertte 
with  a *)  stem  reeet 
Chet  k (or  on  re»tdual  failure* 
Ad*  Vaiiure* 

Torque  vhjfjie)  A gyro*  negaliv* 
T"fquf  channel  C gyro*  p'titlve 
Axil  } Aiiore* 

V iiock  Hiai  laiiarrs  have  o<rurr*cl 
then  r«’»ei  tiie  error* 

Spar* 

Sjure 

Spar* 

A<}».log.?yQ 

insert  anapg  bu*  and  mceiitor 
analog  <iuipui 

('be  I k (or  no  iniiu  I fa  Hurt  a 

disc  rele* 

Tali  a r^,iul  m charut*!  A only 
check  l<  r hr  ti  (siiui  e 
diacrelei 

Fall  » Mgnal  ir  Channel  [t  ..niy 
check  (or  ond  (»ilure  l^'•n 
reert  the  errur* 

fiierk  ( r n«.  iiMtuil  failure* 

< ' ll■|•llle  1 { Ive  r ( li>w 
(»verh-i»  ihf  X y iry'.lier  and 
< het  k I"'  h . lur  r and  *y  ■ le  tn 
ahutil  ‘'ll  ih'-n  irsri  the  eirura 

( oiijxiii  » Over!  Ill* 

hverho*  ii  e I V rei'istr'i  and 
; rie^k  lor  failuVr-  nt  jicaUni  'r.i-n 

reset  (tie  e i for  * 


Spar* 

Slop  sequenevr 

lilivr'l^ate  Lh*  (rt.)  light  UB  'he 

bl  1 1 i'an*  I 

Spar* 


> ■/  5 


A qcMiet'.j  1 bl(j(-k  ciiacpum  ot  t lu-  B I'l’l-:  systfiii  is  qi.VL'ii  i t>  l''iqure 
124.  'l'h('  opi't.it  ion  ol  I ho  t oiii  is  oont.ro  1 lod  and  timc'd  by 

the  seqni'noev  . 'Ptio  losc't  , si  imnl.it  loi:,  .md  inonitot  secrtions 
perform  t.ln'i.i  fnnet.  ions  andor  that  eont  ii)l  . [n  f !io  system 
ti’Si  mo()(.',  1 n to  roha  nno  1 oi  aniiii  in  i < -a  i joii  is  nioeossary  to  keep  the 

thri’c  Bl'l’K  systems  runniiKi  synchronously.  'I'tie  tail.ure  mon.itors 

are  tested  by  i i rst  tnsoM  t i nq  I'All,  siqn.il  into  t.tur  input  (3f  the 
VO  to  r -mon  i I oi  . This  slu^mld  o.nisi,!  the  monitor  f i.j  b.itcrh  in  a 
f 1 rst-1  a i 1 uro  indicat  ion.  'I'l;  i s indieat  ion  is  numitored  by 
t.he  BIT!-;  eiieiiit  ry.  'I’liis  l-'All.  si<!nal  i i o'lTurvoit  and  ani.'ther 
input  IS  t.iiloit.  This  sliould  causo  sran  md  - i a i i u ro  indication, 
which  IS  also  oh.t'oked.  Noto  that  t irst  i .'iq  (iciccs  not  affect  the 
outtnit  Ilf  t lio  voter  Ixa.Musc'  no  more-  f Imu  ono  input  is  in  a 
failed  stata  ,it  any  joi  i t i on  1 . 1 1 lime. 

In  the  (’as('  ot  t ho  scvisor  !ai  Inio  moniior  s,  t in,,'  rate  q'yros 
arc  stiniulat('d  in  a manni-r  suoli  itnl  ,i  s i luu  I att.al  iiyro  failure 
is  detootiHi  1)'/  I ho'  lailnto  monitor.  Th.  • sonsoi  failure  moni- 

tor IS  t ime  sliaroil  a.nd  s > is  oiiookod  lot  any  t ypa'  of  si.Misor 
failure.  At  th'-  oompbq  ion  ol  vaoii  i.;.;!  t nno  ndot  , t iu'  fail- 
ure latehinq  iii.dwiiks  mii'd  lio  iinlitohoci  and  s<,)  t ho  Hli’ll  por- 
torms  an  l-IBKoB  losi  l or  r.ysti  r.i  (.  ompatat  i oi,,j  1 i roset 
automa  t i cct  I 1 y . 

3.2.4.10  Bod'iiidaiic'y  ,'f,.i;iMqom  iil 
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The  AFC;;,  while  not  (-('iiL.iileii.Ml  etil.ie.il  to  sat'oity  ot  fliyht, 
is  eatoi'ioj' i '/eel  inl:o  t hi'Oi'  ti'i)inii.'s  .leijard  i ik.j  do'j.roe  of  criti- 
oaiity  and  cc.M’istMiuen t lanetional  ea()abiLit,y  followi.nq  loss  or 
de<Tradaiion  of  the  fli-jht  eontrol  furKjtion.  These  are: 

a.  Systs-ni  i t.'ve  1 I ..ii  In  res  aj.*e  de('nit'd  nujst,  cr  it  teal  wlien 

I C’qvj  1 r i r.aj  t.ot.il  AFCS  shut  flown  and  re-versioii  to  anauq- 
ment  ed  t' 1 lajht  . 

b.  AFCS  axis  tai  lares  r'e(.)irire  the  stuitdown  of  individual 
or  mult  ip  i('  cos'b  i na  t ion  o‘  axes. 

c.  Sc.' 1 c 'Ot.-ibl  e modi'  tailurc.'s  deemc’d  least  crit.ieal  require 
maniial  .d  i .sc.'mjaiieim.'n t (or  [jilot  ov'ro  r idi-  of  t he'  selc'cted 
mc.idc  .' 


In  order  to  1 ti  1 f i 1 1 (die  spicii  ieat  u'li  i ecju  i renien  ts  for  fail- 
operati.onal  capability  on  a sysl.eiii  Icvi,'!,  a i.rif.dex  system 
oor  f iqu  I a I i on  w.iis  ('hoscai  tor  t .ik.  AFCS.  Tlie  followinc.!  redundant 
cunnec.d:  i ons  v/c'ia'  a'.iopt  c.-d  to  ni..untai.n  .•om|.lote  crtitfnrurl  indepen- 
dence on  t:he  system  li'vel  l.ia.'.io; 


• All  1 C.l'  and  ( ’-ominM.  ( ■ I unit:;  ..i  i i ideni  i"ai  iiul  thereforf..i 
in  t e r (.diatKjc.'alj  1 e bel  ween  eliainu  is. 

• A1  1 e.ross-cliani  e ! .tit.i  t i.cnCei  i'.  pertoniKMl  lie  tween 

1 ho..'  ICF  unit;;  ano  in  isiilai-'d  nu'-i\  that  t allure..'  of  one 
channel  can!'n'..d  P’r  (.I’.Mqa  I ( ■ int.o  anoth'..‘r  (.diannel.  Tfiis 
nnplic.'S  that  all  ,‘:i  p.al  I : ,.in  sro  i s s e ..  n.s  iiotwooii  101-s  are 
ac(.,-oir(f.>  1 1 slic'd  in  t.  w.  > o,p,i..,ite  e.il.iic  s c.arry.inq  infoima'ion 
i n oppos  i ri'.,'  a i i <.'Ct.  i ons  . 

c Eacli  <,?oin  [.a  dor  'opor.dt  s in  e.ron  pim.'t  i on  witli  and  o’ommun  i - 
(..'at.o.ns  enly  willi  owii  101'.  A1  I seinai  t:  r ain  sin  i s s i on  s 
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3.3  Ai''CS  SENSORS 


Sensor  Signal  Selection  and  Failure  Detection 

All  the  redundant  siqnals  are  selected  in  the  lOP.  Idie  sensor 
selector  selects  the  median  of  three  signals  until  iin  indi- 
vidual sensor  has  failed.  If  one  of  the  thret;  sensors  fail, 
the  two  remaininq  good  sign^^ls  are  averaged  and  the  average 
value  is  sent  to  the  computer.  At  a sensor  second  failure, 
the  selector  continues  to  use  the  average  of  the  two  signals 
that  were  used  after  the  first  failure.  The  sensor  selector 
will  not  switch  back  to  the  median  value  if  the  first  failure 
heals  itself.  Only  a system  reset  (computational  reset) 
unlatches  the  selector  mechanism  to  permit  median  selection 
again.  The  same  functions  are  used  for  dual  sensors  such 
that  the  system  is  forced  to  average  the  dual  signals.  A 
signal  second  failure  requires  various  types  of  action  depend- 
ing nn  which  signal  lias  failed.  A failure  decoder  is  used 
for  this  purpose  wliich  is  based  upon  the  sensor  redundancy 
level.  The  sensor  signal  selector  mechanism  is  a time-shared 
device  which  ciin  be  used  for  up  to  a maximum  of  64  input 
variables , 


Tlie  sensor  failure  monitor  is  designed  to  provide  a high 
degree  of  flexibility.  The  scheme  is  shown  in  Figure  126. 

Tlie  two  sensor  failun*  detection  paths  are  used  to  improve 
the  probability  of  detecting  all  typer;  of  sensor  failure 
inodes  . 

Tlie  cross-channel  monitor  compares  each  sensor  cliannel  with 
t.he  other  two  sensor  chaiuK'l.s.  VTnen  tlie  difference  Irctwoen 
any  t wo  channels  exce>eds  a [>i  esot  value  for  a preset  time 
pc-riof),  a failure  ol  one  of  the  two  particular  channels  is 
said  to  Imive  occurred. 

The  low-pas;;  i liter  removes  tlie  hicjli  frequency  noise  in  ord(  r 
to  reduce  the  detection  level, which  must  be  set  low  enough  to 
satisly  maximum  airc'riff  failure  transient  response  levels, 
yet  must  be  hiijh  (uiough  to  avoid  nuisance  or  false  failurr’ 
indications.  Tiie  low-pass  filter  is  used  to  detect  slow  drift 
and  ha  rdove  r --t.yp<>  la  i lures. 

Tlie  fjand-ji.iss  lifter  path  (waadiout)  is  used  such  that  the 
detect  li  vel  c£in  b('  reduced  for  detectin<|  passive  typi'  fail- 
ures. I'lie  band-fiass  filter  removes  the  null  error  and  the' 
high  fiequeney  noise  from  the  sensor  sicjnals  bi'ing  monitortai. 
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WASH-OUT 


FIGURE  !c5.  SENSOR  FAILURE  MONITOR  BLOCK  DIAGRAM 


The  frequency  content  of  the  signals  that  exist  even  when  the 
sensor  is  operating  around  null  can  be  used  to  detect  failure's 
if  the  null  offset  is  eliminated  from  the  threshold  detection. 
Tlie  optimum  bandpass  characteristics  depend  upon  the  sensor 
characteristics . 

The  failure  counters  are  used  to  delay  failure  indications 
that  would  occur  because  of  transient  conditions  that  could 
bo  caused  by  sensor  switching  and  power  transients.  The 
failure  counter  in  the  lag  path  will  typically  bo  programme'! 
for  a shorter  time  than  the  failure  counter  in  tl.c  wash.ov’t 
path,  such  that  the  shorter  time  delay  in  the  iow-pass  fi  Itoi 
path  permits  time  to  shut  down  to  be  a function  of  the  hard- 
over  amplitude. 

All  the  time  constants,  threshold  levels  and  time  delays  arc 
proqrairuTied  in  tlie  lOP  Programmable  Read  Only  Memory  (PROM) 
for  each  of  the  input  variables. 

Votinci  ana  Failure  Monitoring 

Majority  logic  voters  and  failure  monitor  circuits  arc  placed 
at  strategic  points  in  the  computers  and  lOP. 

I npuf /Out;  ut  Data  Voters 

The  cemput.-r  input/output  data  voters  prewide  redundant  path 
isolation  lictween  the  computer  and  lOP  units.  This  moans  that 
a failure  c f a computer  in  any  one  channel  does  not  cause  the 
loss  of  tlu  I Op  unit  in  the  same  channel  e nd  vice  versa.  The 
processed  senior  slanal  is  sent  from  each  lOP  to  all  tlirec 
comijuters,  iis  shown  in  Figure  122.  In  each  computer,  an 
input,  vote  r ci  mpares  tlie  three  inputs  by  pairs,  bit  by  bit  and 
outputs  a signal  corresponding  to  two  out  of  three  inputs. 

Tlie  voter  and  associated  failure  monitor  is  shown  in  Fitjure 
12().  If  one  input  differs  from  the  other  two,  a first  failure 
output  is  generated.  If,  subsequent  to  <i  first  failure,  the 
two  previously  non-failed  inputs  should  differ,  a second  fail- 
ure output  is  generated.  A local  failure  is  indicated  only 
if  thesre  is  a fault  in  the  failure  monitor. 

The  computes]  si'aia'l  outputs  are  majority  logic  voted  in  each 
lOP  and  then  feii  co  overflow  detection  circuits  lie’forc  bt:iru; 
proc£-ssed  through  the  D/A  ceinverter  and  output  sample-and- 
hold  circuits. 
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FIGUPE  126.  MAJORITY  UOGIC  AND  MONITOR  SCHfMAiK 


Iteration  Reset  and  Clock  Voters 


nic  iteration  reset,  clock, and  clock  switchover  voters  are 
required  to  provide  bit  synchronous  operation  between 
'diannel  s . 


Disciete  Input  Voter 

e csiscrete  input  voter  is  required  to  synchronize  asynchro- 
r.dus  iata  caused  by  delays  s ch  as  switch  contact  closure, 
failure  tripout  can  be  delayed  by  any  number  of  counts  up  to 
a :eu!st<'r  m^iximuin  of  15.  The  timing  may  be  selected  such 
•.  at  •.ru'  'ii.scretes  are  sampled  once  every  eight  iterations 
.‘.r,  i 1!  any  incompatibility  exists  for  eight  consecutive  sain- 

a ‘allure  is  announced.  This  would  account  for  a period 
• ipprox imatel y 640  ms.  Alternatively,  one  could  sample 
i 1 conseciitive  iterations,  which  would  account  for  a per- 
I 'ti  (>i  apptmx imate  1 y 150  ms. 

^ . 1 . ] Airspeed  Sensor 

Airspeed  for  the  ARCS  is  provided  by  three  prccisi'on  airspeed 
trim  (iy\ST)  units  wliich  convert  pitot-static  pressure  inputs 
to  linc.at  ized  indicated  ai 'speed  (<utputs.  The  ARCS  uses  air- 
spiced  data  for  velocity  command  in  the  longitudinal  axis, 
lateral  stick  trim,  pedal  position, and  collective  position 
compensation.  P/.3T  was  developed  by  Booing  for  tlie  Model  347 
fliglit  test  program  which  used  two  PAST  units.  One  additional 
unit  was  added  to  meet  the  HLH/A'i'C  triplex  requirement. 

Tlie  PAS'!  utilizes  a feedback  seivo  lf.iop  v/hicli  rcnull:;  the 
force  ('x(?rted  by  pitot  prc'ssure  on  the  airspexai  transducer 
diapliragm.  This  is  accompl i slied  by  integrating  tlie  error 
through  a motor,  wliicli  runs  a main  cam  proportional  to  pitot 
pres.sure  (a  "q"  or  squared  function)  and  a force  through,  a 
spring  is  fed  back  to  renull  the  force  on  tlie  diaphram  (set' 
Figure  12  7)  . On  tlie  servo  motor  output  .sluaft,  there  are  .si_  u~ 
eral  programmed  cams  which  provide  lineiar  or  schedule  posi^^iun 
motion  .signals  through  spring-loaded  LVDTs . One  ol  tlie.sL'  cams 
provides  the  linearized  airspeed  output  to  tlie  I'CCS . IVo 
adtiitional  cams  in  the  A & C channels  provide  tlie  rirspt'i'd 
scheduling  to  tlie  longitudinal  cyclic  pi  tcli  speed  trim  elec- 
tronic units. 

Total  pressure  is  supplieil  to  each  PAST  'unit  yi.!  di'dicated 
pitot  heads.  Static  pressure  inputs  are  paralleled  t roin  a 
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MECHANICAL  SYSTEM 


LINEARtZeO 

I AS 





airspeed 

LINEARIZED 


BLOCK  DIAGRAM 


FIGURE  127.  PRECISION  AIRSPEED  TRIM  BOX 


single  pair  of  static  ports.  The  units  have  a manually  slewed 
test  inject  feature  which  simulates  airspeed  output  over  the 
entire  operating  range  for  preflight  and  bench  checkout.  Per- 
formance characteristics  arc  summarized  below: 


Differential  pressure  range 
Durst  pressure  range 
Linearity 

Resolution 

Accuracy  (overall) 

Bandwidth 
Voltage  Output 
3.3,2  Sideslip  Sensor 


2 psi 
5 psi 

0,3  percent  of  full-scale 
output  voltage 

0.1  percent  of  full-scale 
output  voltage 

0 . 5 percent 

Flat  to  at  least  6 Hz 

11  VRMs  (0  to  1.5  psi) 


Lateral  differential  pressure  (i.e.,  sideslip)  is  required  by 
the  AFCS  to  augment  the  directional  stability  of  the  aircraft 
and  to  provide  a positive  pedal  control  gradient. 

Each  of  the  three  sideslip  sensing  systems  consists  of  a set 
of  pressure  ports,  a differential  variable-capacitance  trans- 
ducer, and  conditioning  electronics. 

Two  sideslip  transducers  measure  differential  pressure  through 
the  existing  SAS  sideslip  press\ire  ports  and  plumbing,  imbing. 

A similar  set  of  components  was  installed  to  provide  the  third 
channel  of  data  for  the  ATC  system.  The  pressure  ports 
mounted  on  either  side  of  the  lower  forward  fuselage  are 
electrically  heated. 

Performance  characteristics  of  the  transducer  and  electronics 
are  ; 


« Differential  air  pressure  range  of  transducer  +0.75  psi 

• Burst  pressure  range  of  transducer  ^1.0  psi 

• Resolution  0.05  percent  of  FS 
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• LitK'arit-y  0.1  percent  of  FS 

• Accuracy  (overall)  0.2  percent  of  full  scale 
e Bandwidth  6 fl?'. 

• Output  siijnal  ran<je  +10  Vdc 
3.3.3  Reference  Barometric  Altitude 

The  reference  barometric  altitude  sensor  (sometimes  referred 
to  as  altitude  synchronizer)  provides  high  and  low  sensi- 
tivity differential  barometric  altitude  output  signals  to  the 
AFCS  ; 

• The  high-gain  signal  has  a range  of  ;+250  feet  for  j+10.0 
Vdc  and  is  used  for  Altitude  Hold  and  Hover  Hold  modes. 

® The  low-gain  signal  has  a range  of  j^lSOO  feet  for  j+10.0 
Vdc  and  is  only  used  for  Automatic  Approach  to  Hover 
mode , 


A pair  of  static  pressure  ports,  one  mounted  on  either  side  of 
the  fuselage  at  station  240, are  manifolded  together  to  feed 
two  barometric  altitude  sensors,  which  are  mounted  close  to- 
gether on  the  right  side  of  the  aircraft  cabin.  Tlie  dual 
sensor  output  signals  are  transmitted  to  AFCS  channels  A and 
C.  Each  sensor  has  a manual  self-test  capability,  which  is 
only  operable  when  the  appropriate  AFCS  modes  have  been 
selected.  The  sensor  signal  outputs  normally  remain  in  an 
altitude  synchronizing  (tracking)  mode  which  results  in  a 
zero  signal  output  until  an  altitude  stabilizing  discrete  is 
issued  from  the  AFCS  mode  logic.  Upon  command,  the  sensor 
references  to  the  local  aircraft  barometric  altitude  and  the 
output  signals  indicate  deviation  in  altitude  from  the  se- 
lected reference  point.  The  sensor  is  designed  to  operate 
over  a pressure  altitude  range  of  -1000  ft  to  +15,000  ft. 

The  reference  barometric  altitude  sensor  used  on  the  HLH-ATC 
347  demonstrator  aircraft  uses  virtually  the  same  components 
as  the  altitude  sensor  designed  for  the  Canadian  CH-147  AFCS, 
with  some  signal  scaling  modifications.  The  sensor  consists 
of  two  major  elements;  the  pressure  sensing  transducer  and 
the  signal  conditioning  electronics. 


The  static-pressure  sensing  transducer  is  of  the  variable  resis- 
tance type;  i.e.,  unbonded  strain  gage  windings  from  two  arms 
of  a Wheatstone  bridge.  Pressure  against  the  diaphragm  pro- 
duces a displacement  of  the  sensing  element  changing  the 
resistance  of  the  active  arms  and  causes  an  electrical  output 
precisely  proportional  to  applied  pressure.  Acceleration  and 
vibration  have  little  effect  on  bridge  output,  being  cancelled 
by  the  geometry  and  winding  arrangement  of  the  star  spring- 
type  sensing  element.  Compensation  for  the  effects  of  wide  am- 
bient temperature  variations  is  provided  by  locating  the  two 
inactive  arms  close  to  the  active  windings  and  through  careful 
selection  of  materials  in  manufacturing. 

The  signal  conditioning  electronics  is  split  into  two  stages; 
the  first  stage  comprises  a closed-loop  analog/digital  serv^o- 
mechanism  to  re-reference  the  bridge  output  to  provide  a 
limited  altitude  range  about  a selected  absolute  altitude. 

The  bridge  signal  output  is  first  amplified  and  passed  to  a 
threshold  detector.  When  the  signal  exceeds  a specified 
level,  a pulse  is  produced  and  fed  to  a register  which  drives 
a digital-to-analog  converter.  Die  ladder  resistor  chain  is 
in  parallel  with  the  bridge  inactive  ar»as,  and  thus  acts  to 
vary  the  resistance  to  rebalance  the  bridge  output.  The 
altitude  hold  logic  discrete  acts  to  inhibit  pulse  outputs 
when  the  stabilize  mode  is  requested. 

The  second  stage  comprises  an  analog  synchronizer  followed  by 
two  output  signal  drives,  one  for  low  sensitivity, and  the 
other  for  high  sensitivity.  Tlie  analog  synchronizer  consists 
of  a capacitor,  field  effect  transistor,  and  a relay,  all 
contained  within  a sealed  can  for  humidity  protection.  The 
synchronizer  provides  a zero  output  signal  reference  in  the 
altitude  tracking  mode  during  the  time  that  the  first  stage 
is  continually  rebalancing  the  bridge  output.  When  the  sta- 
bilize discrete  is  issued  from  the  AFCS,  there  is  an  initial 
delay  to  acquire  bridge  balance, followed  by  the  analog  syn- 
chronizer delay  in  acquiring  a stabilized  output.  The  total  time 
to  stabilize  can  be  as  much  as  one  second. 

3.3.4  Rate  Gyros 

Rate  gyros  provide  the  AFCS  control  loops  with  effective  body- 
referenced  rate  data.  The  rate  gyros  used  are  the  General 
Electric  RR-15  which  were  designed  and  fabricated  for  the 
F-15  AFCS.  Each  rate  gyro  unit  consists  of  three  mutually 
orthogonal  rate  sensors  which  sense  rate  of  angular  motion 


387 


about  the  pitch,  roll,  and  yaw  axes  of  the  aircraft.  Each 
sensor  contains  a motor  speed  detector  for  self  test.  Also, 
the  unit  incorporates  circuitry  to  torque  the  girabal  output 
axis  during  preflight  BITE.  Major  performance  characteristics 
are:  range  ^60  deg/sec,  resolution  of  +.01  deg/sec,  accuracy 

and  linearity  of  0.5  percent  of  full  scale. 

3.3.5  Inertial  Measurement  Unit 

The  Inertial  Measurement  Units  are  Delco  Carousel  IV  Inertial 
Navigation  systems.  The  IMUs  supply  earth-referenced  veloci- 
ty, acceleration,  and  attitude  information  to  the  AFCS  con- 
trol loops.  The  Carousel  IV  consists  of  a navigation  unit,  a 
mode  select  unit,  a control  display  unit,  and  a battery  unit, 
as  shown  in  Figure  128. 

3. 3. 5.1  Navigation  Unit 

The  navigation  unit  contains  an  inertial  reference  unit  and  a 
general  purpose  digital  computer.  'iTie  inertial  reference  unit 
is  a four-gimbal  stable  platform,  referenced  to  local  vertical . 
Horizontal  sensors  on  the  stable  platform,  gyros  and  accel- 
erometers for  the  X and  Y axes, are  rotated  at  a controlled 
rate  of  1 rpm.  The  platform,  therefore,  behaves  as  a free 
azimuth  unit.,  North  reference  is  obtained  with  the  navigation 
computer, based  upon  precise  knowledge  of  platform  azimuth 
position  established  during  alignment  and  the  controlled  rate 
of  rotation.  The  navigation  computer  is  a binary-serial  pro- 
cessor which  performs  the  computations  required  for; 

• Rate  gyro  and  linear  accelerometer  integration  and 
coord.’ na^c  transformations 

• Gyro  platform  erection,  alignment  and  drive 

• Navigation  computations 

« Display  signal  generation 

• Self  test  and  system  health 

3. 3. 5. 2 Mode  Select  Unit 

The  Mode  Select  Unit  enables  selection  of  the  system  operating 
modest  OFF,  STBY,  ALIC5N,  NAV,  and  ATT.  The  STBY  and  ALIGN 
modes  are  used  auring  ground  operations  to  facilitate  azimuth 
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FIGURE  128.  INERTIAL  MEASUREMENT  UNIT  BLOCK  DIAGRAM 


initialization  and  al  iqnivont  of  the  sys^c^m.  The  NAV  mode  is 
used  during  normal  fiitjlit  operations  to  provide  flight  con- 
trol parameters  to  tfi<'  AI’CS.  The  ATT  m(3de  is  used  to  provide 
attitude  signals  for  reference  purposes;  this  mode  is  normally 
used  only  (3n  occurrmice  of  failures  within  the  navigatioi.  com- 
puter. Tlic'  irnit  also  contains  status  - indicator  lamps  tliat 
indicate  tire  operational  capability  of  the  battery  unit  and 
tlie  state  of  readiru'ss  af  the  system  to  enter  the  NAV  mode. 

1.3.').  3 Control  Display  Unit 

The  control  display  unit  contains  a keyboard  and  selector 
switches  for  insertion  of  present  position  in  the  form  of 
latitude  and  longitude  inputs.  The  control  display  unit  also 
contains  displays  and  indicators  for  alignment  status,  com- 
puter memory  call-up, and  malfunction  information. 

3. 3. 5.4  Battery  Unit 

The  battery  unit  powcirs  the  system  during  momentary  interrup- 
tion in  the  prime  power  supply.  Battery  unit  power  is  coupled 
to  the  power  circuits  so  that  it  will  sustain  system  operation 
in  any  mode  for  periods  of  up  to  15  minutes  wlien  the  115-Vac, 
400-Hz,  single-phase  input  power  is  interrupted  or  drops  below 
the  required  voltage. 

3.3.0  Attitude  HoadintT  Reference  System 

The  attitude  heading  reference  system,  AN/ASN-76,  provides 
pitch  and  roll  attitude  and  magnetic  heading  information  to 
Channel  B of  the  AFCS.  The  Carousel  IV  IMUs  supply  similar 
information  lo  Channels  A and  C. 

Major  components  are; 

• Displacement  Gyroscope 

• Reference  Set  Controller 

e Electronic  Control  Amplifier 

• Flux  Valve 

• Magnetic  Heading  Adapter 


390 


The  . 1 i :-.pl  acf'nif'nt  (jyro.scop*''  is  a pendulouoly  erected  two~qyro, 
multiple  qimbal  stabl<'  rr'fi'rcnco  li.-om  wliicli  veliicle  direction 
chanijos  and  ar.titudo  arc;  measured.  Iloadincj,  roll,  and  pitch 
r;ignals  are  supplicfl  to  the  lOl’s  tlirough  ttio  electronic  control 
amplifier.  The  electronic  control  amplifiei:  provides  multiple 
heading  outputs  representing  gyro-stabi 1 1 ze  magnetic  heading 
in  the  slaved,  free  gyro,  or  compass  mode:;.  The  reference  set 
controller  contains  the  indicators  and  controls  necessary  to 
operate  tlie  system.  The  flux  valve  supplies  an  electrical 
indication  of  vehicle  heading  witli  respect  to  the  horizontal 
component  of  tlie  earth's  magnetic  field.  The  magnetic  heading 
adapter,  designed  by  Boeing  Vertol  specifically  for  the  HLH  ATC . 
is  a differential  synchro  which  converts  magnetic  heading  to 
Die  equivalent  of  true  heading  by  ad j listing  the  synchro  device 
to  tlio  local  variation  angle.  This  makes  the  heading  from  the 
ASN-7<j  compatible  with  the  true  heading  supplied  by  the  IMUs. 

Performance  characteristics  include: 


• 

Attitude  gyro  accuracy 
(maximum  error  spread) 

+14 

minutes  of  arc 

• 

Latitude  operational  range 

±82 

degrees 

• 

Sens itivi ty 

206 

mv/degree  (+5  percent) 

• 

Output  voltage 

11.: 

8 Vrms 

3.3, 

7 Radar  Altimeter 

The  AN/APN-194  Radar  Altimeter  is  a high-resolution  pulse 
radar  operating  at  4300  MIlz  that  indicates  absolute  clearance 
over  land  or  water  from  0 to  5000  feet.  The  AFCS  uses  this 
information  in  the  radar  altitude  hold,  hover  liold,and  auto 
approach  to  hover  modes.  In  addition  to  providing  altitude, 
the  signal  is  differentiated  through  a rate  adapter  unit 
developed  by  Honeywell  for  the  ATC  program  to  provide  a high 
sensitivity  altitude  rate  signal  to  the  AFCS.  The  vertical 
rate  signal  is  used  as  backup  for  the  precision  hover  hold 
velocity  reference.  Signals  from  the  simplex  radar  altimeter 
and  rate  adapter  are  paralleled  to  provide  inputs  to  the  tri- 
plex AFCS  channels.  Operation  is  based  on  precise  measure- 
ment of  the  time  required  for  an  electromagnetic  energy  pulse 
to  ' j.  avc]  from  the  aircraft  to  the  ground  terrain  and  return. 
The  tracking  circuitry  detects  the  leading  edge  of  the  re- 
flected signal  and  after  "lock  on",  rejects  all  other  signals 
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until,  the  next  pulse  is  received.  The  time  of  pulse  arrival 
is  coriiparcMi  with  the  Lime  of  pulse  transmission  and  the 
resultant  time  di  f f erent.i.al  is  procc^ssed  to  provide  the  rang*.? 
inforniatiion  in  both  digital  an<i  analog  form.  Tlie  character- 
istics of  closed-loop,  ] eading-cxlge  tracking,  combined  with 
extremely  sliort  pulse  duration,  is  basic  to  the  accuracy  of 
the  syst(->m. 

The  computitKj  circuitry  and  us('  of  separate  transmitting  and 
receiving  ante-nnat'  pirinits  altitude  measurement  to  touchdown, 
riii  s is  accomplislit.'d  by  providing  sufficient  electromagnetic 
isolation  between  the  transmi  Lt'?r  and  receiver  antennae  whicli 
allows  reception  of  early  refle<'tions  from  the  ground  while 
tlio  transmiftt'r  pulse  is  .still  being  radiated, 

Tlie  eiectronic  altimeter  set  is  composed  of  one  rcceiver- 
transmi f ter , a rate  adaptor,  an  interference  blanker  unit, 
two  identical  antennae,  and  one  cockpit  indicator.  A simpli- 
fied block  diaejram  of  the  APN-194  sy.stem  as  installed  in  the 
Model  .347  aircraft  is  shown  in  Figure  129. 

The  indicator  controls  system  power,  ct)nvert.s  the  analog  alti- 
tude signal  to  a visual  display, and  provides  an  adjusiable 
low  altitude  warning  and  flag  alarm.  Sv'stom  self-te.st,  with 
a 100-loot  readout  on  the  indicatoi  is  also  initiated  from 
the  indicator. 

Loss  of  receiver  track  is  indicated  by  a 4 Vdc  discrete. 

Valid  raft;  data  i:;  indicated  by  the  presence  of  a 4.5  Vdc 
di.screte . 

Principal  performance  characteristics  are  suiranari  :ed  below: 
ALTIMETER 

Range  0-5000  feet  (use  only  250  feet  for  AFCS) 

Accuracy  feet  or  4 percent  of  actual  range 
Response  time  0,1  +0.025  second  (first-order  system) 

Voltage  output  0 to  +25  volts 
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ALTITUDE  EATE  ADAPTER 


Range'  +50  ft/soc 

Acrurnry  ^(0.1  Pt./r.f'c  +0.5  ])crrent  ()f  reading) 

VolLaqo  Output  ^10  vdc 
5 . ^ . ii  Pre'cinion  Hover  St'nsor 

Under  tlie  HLH/ATC  Program,  an  element  of  the  Flight  Control 
Systoiii  was  tlie  development  of  a Precision  Hover  Sensor.  The 
goal  of  th,o  lUrecision  Hover  Se'nsor  is  to  provide  accurate 
ground  referonctvl  fiosition  information  such  that  aircraft 
position  can  b('  maintained  in  rol'erence  to  u known  point  on 
tlio  ground  wit)iin  +4  inches  longitudinally,  laterally,  and 
vertically.  It  was  further  desired  that  the  sensor  bo  self- 
contained  and  be  capable  of  operation  in  all-weather  IMC 
cond itions . 

The  Precision  Hover  Sensor  developed  under  the  HLH/ATC  program 
was  designed  £ind  fabricated  by  RCA  of  Camden,  New  Jersey, 
under  a subcontract  from  the  Boeing  Vertol  Company.  The  sen- 
sor utilizes  two  newly  derveloped  sensor  techniques;  namely, 
image-correlation  tracking  and  pulse  sine-modulated  laser 
ranging, using  pulsed-laser -illuminated  gated  imaging  to  mea- 
sure po;:ition  offsets  and  velocities. 

The;  Precision  Hover  Sensor  is  locatc'd  on  a supporting  mount  in 
the  rear  of  the  Model  347,  as  shown  in  Figure  130. 

The  type  of  sensor  system  chosen  for  the  development  resulted 
from  Boeing  contracted  design  studies  with  RC7\,  Camden,  Nev/ 
Jersey;  Cf>neral  Electric,  Utica,  New  York;  and  Martin  Marietta, 
Orlando,  Florida. 

The  development  of  the  PHS  was  initiated  as  design  and  fabri- 
cation of  a feasibility  demonstration  model  to  be  flown  on 
the  Model  347  aircraft.  The  development  was  geared  to  the 
use  of  existing  off-the-shelf  s-absystems  or  components  where- 
ever  possible  to  minimize  costs  and  schedule.  The  use  of  off- 
the-shelf  components  has  resulted  in  a system  that  is  larger 
and  heavier  than  a PHS  specifically  designed  for  a prototype 
or  production  HLH  aircraft,  resulting  from  development  of 
subsystems  to  optimize  size  and  weight.  The  functional  dia- 
gram of  the  PHS  is  shown  in  Figure  131  and  the  PHS  character- 
istics are  stated  in  Table  23. 


TABLE  23.  PHS  CHARACTERISTICS 


Hover  Precision 

( X, 

Y,  Z)  . . 

— 

.^0.6  in. 

Detectable  Velocity 

(X, 

Y,  Z) 

.j+1  in/s 

Data  Bandwidths 

B 

* * « 

.10  Hz 

Maximum  Displacement 

X, 

Y,  Z 

.+4  ft 

A1 titude 

25  to  125  ft 

Loss  Margin 

1000 

Lock -on  Time 

0.6 

s max 

Roacquisit ion  Time 

0.8 

s 

Temperature  Range 

-20'’C  to  +55''C 

POWER 

28  V 

dc 

I lOV, 

3A  , 

400  Hz 

Sensor  Head 

360  W 420 

W 

peak 

100 

W 

Stabil  ii^at’ on  Platform 

280  W 400 

W 

peak 

60 

W 

Total 

640  W 820 

W 

peak 

160 

W 

WEIGHT 

Sensor  Head  & Mount 

355  lb 

Stabili^'ation  Platform 

185  lb 

Total 

540  lb 

DIMENSIONS  (irregular) 

Sensor  Head 

22  in.  dia 

X 

53  in. 

Plat  form 

41  X 26  X 

16 

in. 

LOOKING  AFT  LOOKING  FORWARD 

FIGURE  130.  PRECISION  HOVER  SENSOR  INSTALLED  IN  MODEL  347  HELICOPTER 


.‘O  (automa'^ic  Plight  con' 


FIGURE  131.  FUNCTIONAL  BLOCK  DIAGRAM  0! 


3 . i . M . 1 ;;  t:  ai ) 1 1 ■ I ' 1 a 1. 1 c > i ni 

'Pile  m.i  i ti  scia-ioi  I 'in:;  .tia-  < -onl  <i  i lU'd  in  fine'  packcacjc'  i.incl 

ail'  irionnt-i.'ii  1. 1 1 a Iwo-axis  nLab  i 1 i I'a'd  j,)  I at;  I (U'ni . 'Phe  staliiJizoc? 
[ilat.  lorai  i;.  a iii.ins  lia  i aiu’i-il  toiajui'  Hi  ivt'ii  ijyro-sLalj  i 1 i zed 
vail  leal  laainit  anti  is  .1  iTiO(i  i t i ra  t i ( m o 1'  a standard  AoroL'iox 
'Pypi'  JbA  airc'iaft  c'amt'ra  mount.  'Plu.'  mount  provides  vortical 
s t.a  1)  1 1 i z..:.i  t i (,in  w.itliin  t lu-  limits  of  tlie  mount  r)i.mbal  (±10^-^  roll 
and  Hi)"  pitch)  to  t lu'  ic  feronco  of  tlu.-'  self-contained  qyro. 

'Pile  platldrm  structure  consists  of  tdirof'  major  comporu'nts; 
th('  frame,  the  pitch  qimhal,  and  the  loli  qimbal. 

A cinulai  opi^nincj  in  the  roll  qimbal  (inner)  accepts  and  sup- 
ports the  cy  1 i ndr i ca  1 ly  slripcd  PUS  sa'n.sor  . At.tachcd  to  the 
roll  a uitba  1 art'  also  the  roll  trunnions.  bimit  stops  restrict 
the  t I c('dom  of  tlie  roll  qimbal  to  t.ld"  . Limit  .switches  pro- 
vide at  at.us  information  tc.'  the  control  logic. 

'I'lii'  |)it,ch  qiinlial  cjirdle.s  tlie  roll  (pimbal,  and  support.s  the 
pitc'l:  trunnions,  roll  torquer,  and  .in  automatic  cagincf  mechan- 
ism. i\  qyro  li.'velinq  plate  at  one  end  of  the  pitch  gimbal 
provides  space  for  mounting  tlie  ARth-'iC  vertical  gyro.  Limit 
st  o[i;;  ami  limit,  switchi's  are  provided  for  the  same  purpose  as 
on  till  ro  1 1 gimlial  , 

The  frame  girdles  the  pi  ttih  '.jimbal  and  supports  the  pitch 
t ot  qin  T.;. , .*11  t'.orque  amplifiers,  and  an  elect.ronic  chassis 

with  etmnec:tor.s  for  interconnecting  cables.  Cable-typo 
vibration  isolators  art'  provided  between  the  stable  platform 
fr.ime  and  tlie  aircraft  Iranie.  Also  mounted  on  the  frame  is 
a rate  of  turn  .switch. 

3.  i.tt  .3  I'tanije  Linder 

Phe  1 unej  I ng  system  of  tlit*  Precision  Hover  Sensor  combines  the 
ad','  int  agu's  o£  both  a CW  ranging  system  (iiigh  resolution)  and 
a pulse  ramjiiii)  system  and  multiple  scene  discrimination  capa- 
bil  it'/.  Phe  signals  from  the  range  transm  i tt  (»r  and  receiver 
an  jiioci'ssed  in  the  i an<ic  electronics  to  obtain  cilisolut  e 
aifjiade  (z),  altitude  change  { Z)  and  vertical  velocity  (Z) . 
Till  ■ /s.tem  I imiiK)  an<i  status  signals  are  also  generated  in 
f.lii  r.iiiqe  I ■ 1 eet  1 on  i es  . ’Phe  range  transmitter  gi'iierates  a 
sine  w.ivc  modulated  pulse  o*  l.iqht  v/hicli  is  collimated  into  a 
mil  o'.-,  be, nil  aiui  lii  i ected  toward.'?  tlie  ground.  The  transmitter 
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a 1 sr>  qonorat-os  an  eloctricai  nicjnal  to  tlu'  r.inqc'  oU'ctronios 
c'or rf'spondinq  to  tho  timo  of  transmission  of  ttu'  optical  pulse. 

Licjlit  from  tl\e  ranqe  transmitter  laser  htsim  is.  rc?  f Ic'ctc'd  from 
tiie  qrouncl  and  ootocted  by  the  ranqe  recn^ivor.  The  rt’ceiver 
in  turn  generates  electrical  signiils  to  the:  range  (?lf'ctronics 
corresponding  to  tlie  jihase  and  arrxval  time  of  tho  return 
pu 1 s e . 

Fine-range  iiiformation  is  obtained  by  comparing  the  phase  of 
th('  transmitted  sinusoidal  modulation  to  thc'  phase  of  the 
received  sinusoidal  modulation.  Tho  signal  detector  amplifier 
output  is  first  passed  through  the  100-MJIp.  phase  lockeui  loop 
to  derive  a continuous  waveform  for  detorminint)  phase.  The 
resultant  signals  are  then  mixed  with  the  local  oscillator 
frequency  of  99,950  MH^  to  produce  two  50-kHz  signals, 
whose  phase  difference  is  tho  same  as  the  phase  difference 
between  tho  transmitted  and  received  lOO-MH^  signals. 

Thc  phase  detector  provides  a dc  volta<  output  which  is 
linearly  related  to  the  phase  diffortmee,  and  thus  to  thc  fine 
range.  Tho  fine-range  information  is  accurate  to  1 inch  witli 
a resolution  of  0.1  inch  over  an  unambiguous  range  of  5 feet. 

The  dc  output  of  the  phase  detector  is  fed  into  an  A/D  con- 
verter to  obtain  the  fine-range  information  in  digital  form  for 
combination  with  coarso-ranqe  information.  The  two  measure- 
ments are  combined  in  the  output  register  to  yield  a 1000-foot 
scale  range  reading  with  an  accuracy  of  1 inch  and  a resolution 
of  3/16  inch. 

A reason  for  converting  the  fine-range  information  to  digital 
form  is  to  provide  an  accurate  stored  reference  for  deriving 
thc  hover  error  signals.  When  tlie  operator  wants  to  put  tho 
helicopter  into  automatic  hover,  he  pushes  a button  on  his 
control  which  generates  the  hold  command.  This  causes  tho  fine 
range  information  in  the  a/D  converter  to  be  stored  in  a sep- 
arate digital  register. 

This  stored  fine  range  is  then  converted  back  to  analog  form 
in  the  D/A  converter  and  compared  to  updated  analog  fine-range 
data  coming  out  of  the  phase  detector.  The  result  of  this 
ccOTparison  i s an  analog  error  signal  corresponding  to  any 
small  changes  in  altitude  of  tie  helicopter.  This  signal  is 
then  differentiated  to  yield  the  rate  at  which  altitude 
changes  arc  occurring, 
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Tfie  c'Oci  iHo -ranqc  i n I orma  L.i  c:>n  is  obLaineci  1,'y  measunnq  the  time 
delay  bi'twocai  tlio  l.eadinc;  f'ci(|e  of  tlie  transmitted  pulse  and 
th(?  loadinq  odq('  of  t.lu'  I'eoeived  siqnal.  The  100  MHz  trap  is 
viseci  to  remove'  tlu'  h i qh- 1 i cquency  modulation  f rom  the  received 
wave' form  and  to  provade  a clean  loadinq  edge  to  tlie  threshold 
df'tectc.a  . The  output.';  f rom  t.lu'  thr<!.shold  detectors  are  digital 
pul.s('s  wfiiefi  are  delayed  f)y  tlxe  same  amount  or  time  as  the 
tr an5;n\  1 1. ted  and  ri'ci'i vu'd  laser  signal.':.  Thif.  delay  is  measured 
in  tlu'  time-interval  counter. 

Tiu'  time-intt'rval  counter  will  range  on  the  last  valid  return 
rc'ceivcd  during  a total  maximum  range  interval  of  1000  feet; 
tlii.s  allows  tlie  system  to  range  through  obstacles,  such  as 
tree;;.  A multiple'  scene  indication  will  be  generated  if  more 
than  one  valid  scene  is  encountered  during  the  range  interval. 
One  luindred  r^^nqe  measurements  will  be  surmned  and  averaged  in 
the  time-interval  counter  to  produce  a coarse-range  measure- 
ment witli  an  accuracy  of  3 feet  and  a resolution  of  0.5  feet. 

3.3.8.  i Correlation 

The  measurement  of  thc'  X,  X,  Y,  and  Y incremental  position 
and  velocity  parameters  is  accomplished  by  utilizing  a Correla- 
tron  tracker.  The  Correlatron  is  used  as  a closed-loop  system 
and  requires  tliree  modes  of  operation: 

(1)  A write  mode,  whf're  tlie  initial  image  position  is 
stored  as  a charge  pattern 

(2)  A read  moac,  where  the  input  image  and  the  previously 
stored  reference  are  correlated 

(3)  An  erase  mode,  where  the  previously  stored  reference 
charge  pattern  is  removed. 

'Tlic  Correlatron  subsystem  consists  of  a sensor  package  and 
an  electronic  assemlily. 

The  system,  with  the  exception  of  one  test  relay,  has  no  moving 
parts  and  contains  no  hot  cathodes.  Internal  switches  are 
transistors.  Components  a’-e  all  iiard  wired  with  no  transistor 
or  amplifier  sockets.  The  circuit  boards  in  the  sensor  are 
coateci  against  moistuit.-,  fungus,  etc. 

liotli  tlie  sensor  and  electronics  asst^mblies  were  constructed  to 
be  completely  shielilod  for  EMI.  The  optical  input  port  of  the 
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sensor  utilized  a conductive  window  to  accomplish  the  shield- 
ing, as  well  as  to  prevent  dirt  from  reaching  the  Correlatron 
photo-cathode . 

During  the  read  mode,  the  photoelectron  image  is  nutated  in  x 
and  y with  a sine  wave.  This  is  a multiplex  nutation?  x is 
blanked  for  one  cycle,  and  then  y is  blanked  for  one  cycle. 

The  output  of  the  buffer  amplifier  is  switched  synchronously 
to  separate  the  x and  y signals.  These  signals  are  amplified 
separately  and  the  gain  is  automatically  controlled  to  provide 
a replica  of  the  x and  y error  signal  without  distortion  or 
phase  shift. 

During  the  closed-loop  match  condition,  the  Correlatron  signal 
appears  as  a full^ave  rectified  sine  wave.  When  the  Correla- 
tron senses  the  input  image  drift  by  "distorting"  the  full- 
wave  rectified  signal  form  factor,  the  phase  discriminator 
determines  magnitude  and  direction  to  correct  the  loop  and  to 
maintain  the  proper  form  factor. 

The  loop  is  closed  through  the  integrators  and  deflection 
amplifiers.  This  closed  loop  maintains  the  optimum  position 
match  between  the  photoelectron  image  and  the  stored  image. 

The  output  of  the  integrator  represents  position  and  the  input 
to  the  integrator  represents  angular  rate.  The  stored  image 
in  the  Correlatron  may  be  updated  periodically  or  when  the 
S/N  drops  below  a prescribed  level.  In  the  erase  mode,  a 
uniform  flood  of  photoelectrons  drives  the  front  surface 
(dielectric)  of  the  storage  element  to  cathode  potential 
since  operation  is  below  the  first  crossover  of  the  secondary 
emission  curve.  The  tacking  electrode  is  typically  at  15  V 
with  respect  to  the  photocathode. 

In  the  write  mode,  the  photocathode  is  typically  switched  to 
-600  V.  The  representation  is  of  a spot  of  light  on  the 
photocathode  giving  a bezutn  of  photoelectrons.  These  electrons 
hit  the  dielectric  with  energy  above  the  first  crossover,  and 
the  secondaries  are  collected  mesh.  Thus,  the  written  areas 
are  charged  positive,  say  +0.5  V. 

3. 3.8.4  Intensifier  Subavsteir 

The  intensifier  subsystem  provides  light  aunplif ication  for 
boosting  the  low-level  illuminator  light  reflected  from  the 
ground  scene  to  the  level  required  by  the  Correlatron. 
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This  subsystem  contains  thre'e  imaqe-intensi  f ier  stages.  The 
first  stage  consists  of  a micro-channel  plate  intensifier 
tube  wl'.ich  converts  tiie  RSitO  A illuminator  light  to  a P-20 
output  phosphor.  This  stage  is  gated  with  a 140  V 50-ns 
pulse  which  allows  only  light  iirriving  from  the  pulsed  illumi 
nator  to  bo  amplified. 

Tlie  next  staae  in  tlie  intensifier  string  is  a second  micro- 
cuannel  plate  tube  which  pi'ovides  both  gain  and  automatic 
light  control.  This  stage  allows  the  gated  first  stage  to  be 
operated  at  a safe  bias  level  and  its  resulting  moderate  gain 
The  second  stage  provides  a constant  scene  output  brightness 
to  the  third  stage  over  the  range  of  scene  illuminations 
encountered  by  the  PHS  system. 

The  third  stage  in  the  intensifier  string  is  a diode-type 
gain  stage  which  amplifies  the  output  of  the  second  stage  and 
provides  the  high  output  brightness  needed  to  produce  the 
required  Correlatron  cathode  current  for  lock-on. 

3.J.b.‘j  Illuminator  Subsystem 

An  AlGaAs  laser  illuminator  is  utilized  and  provides  pulsed 
illuniination  of  the  ground  scene,  which,  in  conjunction  with 
the  range-gated  intensifier  chain,  permits  rejection  of  sig- 
nificant amounts  of  scattering  from  atmospheric  particles, 
wliich  would  degrade  the  image  of  the  ground  scene.  The  il- 
luminator also  permits  night  operation. 

Tlie  laser  illuminator  utilizes  thermoelectrically  temperature 
controlled  AlGciAs  injection  lasers  to  provide  the  pulsed  il- 
lumination. AlGaAs  is  utilized  to  achieve  8400  & wavelength 
of  omission  where  tlio  first  photocathode  of  the  intensifier 
has  high  responsitivity . Temperature  control  of  the  AlGaAs 
is  utilized  to  stabilize  the  emission  wavelength  of  the  laser 
within  the  passband  of  the  intensifier  spectral  filter. 

A motorized  zoom  lens  provides  a collimated  circular  beam 
which  matches  the  Correlatron  format.  A zoom  capability  of 
5.5  to  1 from  S degrees  to  45  degrees  full  angle  divergence 
enables  a constant  scene  diameter  to  be  illuminated  while  the 
range  is  varied  from  25  to  125  feet. 

The  laser  illuminator  is  a single  self-contained  package 
requiring  only  28  Vdc  prime  power  and  a 20-kHz  sync  pulse 
train  for  operation.  All  power  conversion  and  heat  exchange 
are  performed  within  tlie  package. 
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3.3.9  Load  Stabilization  Sensors 

Implomontation  of  the  external  load  stabilization  modes  in 
the  flight  control  computer  requires  the  sensing  of  cable 
angles  and  tension. 

3. 3. 9.1  Cable  Angle  Sensing 

Four  synchro-rotary  transformers  were  utilized  to  sense  cable 
angles;  i.e.,  two  treinsformers  located  at  the  forward  and  aft 
cable  securing  mounts,  respectively  - one  to  sense  longitudi- 
nal, and  the  other  to  sense  lateral  angles.  The  transducers 
were  mounted  between  aircraft  structure  and  the  cable  hook 
assemblies.  These  sensors,  manufactured  by  Clifton  Division 
of  Litton  Systems,  Inc.,  provide  ac  outputs  up  to  ^90°  of 
rotation  with  a sensitivity  of  200  VRMS  per  degree. 

The  signal  range  was  limited  in  the  lOP  signal  conditioning 
circuitry  to  +50“  in  both  axes.  The  cumulative  effect  of 
resolution,  null  offset,  and  hysteresis  is  less  than  10  min- 
utes of  arc  for  the  transducer  devices  themselves.  The 
principal  contributors  to  hysteresis  wore  anticipated  to  be 
the  Teflon/steel  load  hook  bearings.  Flight  test  results, 
however,  indicated  the  actual  values  to  be  less  than  the 
analytical  estimates  of  +.5.4  minutes  of  arc  longitudinally 
and  i4,2  minutes  laterally.  The  actual  values  had  no  appre- 
ciable degrading  effects  on  LSS  performance,  (Refer  to 
Section  2. 1.5. 3. 3 for  discussion  of  CSMP  hysteresis 
evaluation) . 

3. 3. 9. 2 Cable  Tension  Sensing 

Strain  gages  were  instaJ led  in  both  the  forward  and  aft  cargo 
hook  bolts  to  provide  a measure  of  load  weight  on  each  cable. 
This  information  was  required  for  implementation  of  the  auto- 
matic load-centering  mode.  The  strain  gage  signals  were  fed 
into  bridge  networks  whose  outputs  were  amplified  prior  to 
signal  transmission  to  each  of  the  lOPs.  The  cable  tension 
electronics  were  scaled  for  0 to  8000  pounds  each.  The  full- 
scale  output  was  adjusted  to  10.4  VRMS,  equivalent  to  8,000 
pounds . 
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^ • ''*  LOAD  CONTROLLING  CREWMAN’S  CONTROLLER  (LCCC ) 

3,4.1  Introduction 

’rh('  I,CC  rontroil('r  provides  input.s  to  the  AI'CS  for  the  control 
of  till'  aircraft  by  tlie  load-controll  iruj  crewman  durinq  flicjlit 
viith  the  hover  liold  mode  enqaqc'd.  The  LCCC  controls  fliqht 
in  tlie  longitudinal,  l.iteral  , directional,  and  vertical  axes 
by  means  of  a four-axis  f inqer  ball.  The  authority  of  the 
controller  is  limited  by  the  control  laws  implemented  in  the 
AFCS  computers  which  also  provide  for  pilot  override  of  LCC 
control  inputs  at  any  time. 

Tlie  LCC  controller  was  developed  and  manufactured  by 
Hone', 'Well,  Inc.,  Minneapolis,  Minnesota.  The  controller  uses 
basic  mechanism  concepts  that  wore  developed  for  the  Apollo 
hand  controllers  and  for  recent  fly-by-wire  sidesticks.  The 
development  program  began  with  a human  factors  study  of  hand- 
control  and  sidostick  concepts  which  considered  one-,  three-, 
and  four-axis  grip  and  finger  controllers.  The  development 
phase  of  the  program  culminated  in  a four-axis  rnock-up  con- 
troller which  could  be  modified  to  have  various  force  break- 
outs, force  gradients,  displacements,  and  different  kinds  of 
grips.  The  mockup  was  evaluated  to  determine  the  final  LCCC 
configuration.  The  design  selected  is  portrayed  in  Figure 
1,12.  The  controller  is  used  by  holding  tno  ball  with  the 
thumb  and  finger  tips  of  the  right  hand.  A special  arm  rest, 
not  shown,  is  provided  for  the  controller, 

3.4,2  LCCC  Description 

3. 4. 2.1  Major  F'unctional  Components  are  the  control  stick, 
force  feel  springs,  force  feel  dampers,  and  triple- 
redundant  position  transducers.  Also  included  is  a 
trim  switch  and  magnetic  brakes  to  hold  the  stick  in 
any  longitudinal  and  lateral  position  with  hands  off. 
No  brakes  are  provided  for  the  directional  and  verti- 
cal axes. 
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3.4. 2. 2 Operatiny  Ch.aractoriat i cs 
o Tlio  control  motions  are: 

- Fore/aft  stick  rotation  for  longitudinal 

- Left/right  stick  rotation  for  lateral 

- Up/dov/n  stick  translation  for  vertical 

- Left/right  ball  rotation  for  directional 

o Force  breakout  and  a force  gradient,  proportional  to 

stick  displacement,  are  provided  in  each  axis.  Dampers 
are  incorporated  to  smooch  control  motions  and  to  provide 
a smooth  deadbeat  return  to  the  neutral  position  should 
the  stick  be  released  at  any  displacement. 

o Electrical  Outputs  arc  ac  analog  signals  from  triple - 
redundant  rotary  variable  differential  transformers 
(RVDT's)  in  each  axis.  One  output  signal  from  each 
axis  is  fed  into  each  of  the  AFCS  input-output 
processors . 

3.4. 2. 3 Performance  Characteristics 

o Control  stick  displacements  are  limited  by  mechanical 
stops  adjustable  between: 

t8  degrees  and  ±12  decrees  in  longitudinal 
and  lateral  axes 

±15  degrees  ±1  degree  in  directional  axis 
+0.5  inch  in  vertical  axis 

The  pivot  point  is  7.17  inches  below  the  center  of  the 
finger  ball,  and  the  translation  of  the  ball  in  the 
longitudinal  and  lateral  axes  is  between  1.0  and  1.5 
inches . 
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Force  broakouts  and  gradicntb  are  as  follows: 


Axis 

Longitudinal 

Lateral 

Directional 

Vertical 


Force  Breakout 

(lb.L-_ 

0.75 

0.60 

0.70 

1.00 


Force  Gradients 
(Ib/in.  or  degree) 

1.0  Ib/inch 

0 . 79  lb/ inch 

0.117  Ib/degrce 

1.05  Ib/inch 


9 Damping  Ratio  is  0.7  in  each  axis 

9 Analog  Output  Voltages,  obtained  from  triply  redundant 
rotary  variable  differential  transformers  prov^ide 
10.0  volts  RMS  at  the  maximum  stop  settings  and  track 
within  2 percent. 

3 . 5 CONTROL/DISFLAY  PANELS  AND  INSTRUMENTS 


The  AFCS  control  and  display  panels  are  separated  into  two 
categories:  that  equipment  which  is  required  for  a fully 

operational  production  aircraft;  and  that  additional  equip- 
ment necessary  to  the  conduct  of  developmental  flight  test. 


The  production-oriented  equipment  includes  an  AFCS  mode  select 
panel,  a PFiS  control  panel,  flight  director  indicator,  radar 
altimeter  indicator,  groundspeed  indicator,  and  pilot  caution/ 
advisory  panels  all  located  ir  the  cockpit,  as  shown  in 
Figures  133  and  134.  The  two  IMLI  control /display  units,  and 
BITE,  AFCS  failure  stations,  and  sensor  failure  status  panels 
were  located  on  the  right  side  of  the  fuselage  aft  of  the 
main  entry  door  in  the  main  ciuin  as  shown  in  Figure  135.  An 
LCCC-enabled  light,  IMU  drift  clear  switch,  and  a second  I dS 
control  panel  were  located  in  the  LCC  station. 


The  flight-test-oriented  equipment  includes  a system  test 
function  panel  and  parameter  change/display  unit  mounted  in 
the  cockpit  center  console  and  shown  in  Figure  133.  The 
discrete  signal  status  panels  numbers  i and  2 located  in  the 
main  cabin  are  shown  in  Figure^  ir'5. 
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FIGURE  134.  pilot’s  PANEL 


FIGURE  135.  FLIGHT  ENGINEER'S  STATUS  PANEL 


T , . 1 Pt  ocuii • t.  i < in  I 'IJ'JI**-  ' ''i*' * 

3 .1.1.1  Modi-  P.'  1 .-.-t  I’.UH-  I 

'i'lii'  Mciiii'  St'loi.'L  rancl  piovidcr;  normal  cont.ixil  of  [d  I ot-r>(>  1 oc  f - 
nl'lc  Al'CS  moiirn;,  .in  woll  an  Br'I'l-:  and  roRot.  fLiutn  lonn.  Fiqnrc 
I shown  t lu''  p.antd  layaanL.  M.'Ik'  t raint  patiel  in  L.ii'jhted  and 
oninta.ins  swi  trinns  dofhiniai  in  'l'.il)li'  Pd.  'i’lii;;  panel  inter  I ar-i-n 
witdi  the  Pf’ds  throiKih  tlu'  lOPn.  'I'he  modri  st'l.ecL  p..\nel  alnt- 
oont.ainn  the  <' l.ecla'onic  loqie  1 oj  '.I'l  I iii  I ure  n.  i.pna  1 s Lhiit 
‘da:  ii  t ile  tiiaslet  caution  and  Al'CS  v/arninp  liqid  n in  the 
< 'ockp  i 1. . 

f.n.  1 .2  i'lIS  C(’int.-rol  f’anel 

ihe  pilot  and  I.CC  PUS  control,  yian-'  ' -'re  identical  units 
(l  igurc’  ,137).  'I'iie  pilot's  unit  is  inseai  led  in  ehe  right  side' 
ol  tlie  ci'iitcr  console,  wlri  le;  the  .soconfi  unit  i s located  on  the 
hCC  cargo  handling  panel  to  tin.:  operator's  left  side.  Each  of 
'..lierx'  coiitrol  panels  contain: 

• I’ower  ON/OFP  swiLcii 

o .‘t'l'A.NhnY  Ijigiit  - Jmiicati's  that  tdie  PUS  equipment  is  ready 
to  ojjerate  as  soon  a..s  tlie  OPEltA’I’)''.  COMMAND  ;i  s received 
f reaii  t he  modal  logic  in  the  lOps. 

e l,(X.'i;  hiipil.  - iiu.iic.da,s  that  tlu-  coKaa.d  at  ion  is  .l.ocKi.'d  on 

ti,i  inh  is  tracking  its  obser\/ed  field. 

« NO  ],(y’K  Liepit  - 1 nd  j ca  l.>  tint  the  rarxie  .1  irv.ier  and/eir 

eorta  i, it,.  Ion  has  lost  J.oi.'k  - Idn  a pviri.od  in  'ax.f,c'ss  t.>t 

d.  7 t.'i  C.d  s.ecf.iiid:-;  - and  i .s  at,  tempting  a relock  in  tin- 

in'esenec  i.)l  t.ii'  I-' 1 'r  i ) t an!  I.P'CK  COMMiNnS. 

« F/\  I h higl.f  lllcllcate:.  ihe  ed  i lltcir 1 f i C T,'  SWltcli  oil, 

rangefindni  eonntci  start.,,  i 1 1 iim  i n.t  tor  s'/stein  OK,ei  a 
j^latloiaii  1 j iid  t.  s.Lop  '.vhilr-  jeaiiy  eoinmanvl  is  pi'esent. 
Si'iisina  1 1 luminatiir  ■ r ini.enr.i  ' iei  r.otmi  iiu 1 1 dui  iin 

lee)e-(Mi  V.  1 1 1 il:.'.  'ent  1 lie  .1  I .A  I I, .,  I'nrtiier,  an  eis'c'.ns 

t.  einpe  » a t . . r e , a loss  el  p 1 a t t i a ni  ai,'  yjov/e  ig  or  Lack  ot 

' 'on  t i nn  ! t . mi  the  PI  1:1  i id  e r 1 oi  ■ k j m t h will  1 1 s.a  < jem  T - 1 L(  ■ 

a lot  I [,. 
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TABLK  24.  DKiU'R  I I'T  ION  OI''  SWl'I'CHilS  on  MOOM  SELKC’T  PANEL 


SWITCH 

I DENT. 

TYPE 

FUNCTION 

A PCS 

1, iqht.ed  Puslibut  Lon 

EiKjaqi!  or  disengage  AFCS. 

lA’C 

Liqhtofl  Pushbutton 

Tr^insff'rs  control  of  air- 
craft during  hover  to  LCC. 

1 llovi.'r  Hold 

Liqhtcd  PushbutLon 

Eng,ige  or  disengage  hover 
tiold  mode. 

PNC  EDI 

I,i(7htf'd  Pushbutton 

Energizes  the  auto  approach 
()rocessjnq  and  flight 
d i rector . 

CPLR 

Liqhtcd  Pushbuttcui 

Couplers  the  auto  approach 
guidance  commands  into 
the  CCDAs. 

LSS 

2- Position  Toqqlc 

Selects  the  load  stabili- 
zation mode. 

liVR  Trim 

Lighted  Pushbutton 

Engage  or  disengage  auto 
t r :■  m . 

ALT  HOLD 

Lighted  Pushbutton 

Engage  or  disengage  alti- 
tude hold  whether  radar  or 
baro  is  controlling. 

VPL  REF' 

3-Position  Toggle 

Selects  between  airspeed 
(A/S)  groundspeed  (G/S)  or 
automatic  (Auto)  velocity 
reference. 

DR  ] PT 

CLEAR 

Lighted  Pushbutton 

Clears  effects  of  TMU 
velocity  drifts. 

BITE  ARM 

2-Position  Toggle 
(Guarded ) 

Energizes  the  BITE  Panel. 

ERROR 

2- Posit  ion  Lever 

Two  switches  to  attempt 

RESET 

Sj^ring  Loaded  OFF 

fault  reset. 

SYSTEM 

2- Posit ion  Lever 

Performs  a computational 

RESET 

Lock 

reset  function  which  auto- 
matically disengages  AFCS; 
used  with  Error  Reset  to 
completely  reset  all  LEDs 
on  failure  status  panels. 

ALT  REl’ 

1-Position  Tot^cjle 

Sw i t ch 

Select  between  radar,  baro 
or  auto  altitude  hold 
relerence . 

VE  I. 

i-Positi<in  To<}qle 

Switrdu'S  off  or  decays  out 
the  velocity  feedback  loops. 
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FIGURE  137.  PHS  CONTROL  PANEL 


.1 . 3 . 1 , 1 FligliL  Diroct  or  1 (idic  »t.or 


'I’lu''  Di  rt't’l.t'ii:  I nti  i c.it  (ir , .i  Sperry  Model.  II/, -Sr,  di^pda'/f; 

in  a ^iiiKjle  i niitrviinent. , aircraft.  aLLitudr'  information  and 
direct  fliqhtpath  quidanco  control  commands  as  shown  in  i 
I’iqurr'  In  addition,  app.'opr i <rte  warninq  indicatior.s  for 

each  ai  remit  littitudr'  aird  velocity  axis  are  avail  alile,  'I’lu^ 
I’l'd  is  Coupled  to  the  AFC’S  by  manually  fielectinij  eitlier  the 
F.NilAOF  FOT  or  COUPLER  modes  on  tlie  AFCS  Mode  Select  panel. 

Thrrv  sti'orinci  commands  and  two  d i spiacf'mr'nt  error  siqnnls  are 
presentfad  on  thc'  fliqht  directo”  for  the  auto  appioach  to 
hovc'r  (jui dance. 

• L.ateral  Ci.wimand  --  indicatrvi  via  the  vertical  command  Irar 

• Lonqitudinai  Comnuind  - indicatc’d  via  tlie  lonqitndinal 
command  bar 

• Vortical  rornmand  - indirniterl  via  the  douqhnut  on  loft 
Side  of  tire  altitude  ball 

• Lateral  Deviation  - indicated  \da  locali/,cr  pip 

c Vertical  Deviation  --  indicated  via  glide-slope  pip 

• Out-fi f-TolerancG  Indication  - via  FD  warning  flag 
J.3,i.4  Radar  Altitude  Indicator 

The  radar  altitude  indicator,  ID-1760A/APN-194 , displays  the 
aircraft's  absolute  altitude  in  feet,  as  shown  in  Figure  134. 
'Idle  operating  control  on  the  height  indicator  serve.s  as  a 
push-to-test  switch,  a s«-t  control  for  the  low-level  warning 
index  and  a system  ON/OFF  power  switch.  Thc  low-level  warning 
index  is  a white  edge  marker.  This  is  set  by  the  control  to 
any  desired  low  altitude  limit.  With  the  pointer  in  line  with 
or  below  the  marKer,  a LOW  caution  lamp  on  the  lower  right- 
liand  cornel  illuminates  to  show  that  the  helic'opter  is  below 
the  set  low-altitude  limit.  A black  and  yellow  striped  OFF 
flag  ajqjcars  when  system  power  fuils  or  when  the  unit  loses 
track . 
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3. 5. 1.5  Ground  Velocity  Indio.',  tor 

Aircraft  longitudinal  and  iatori^l  ground  velocities;  are  dis- 
plav'od  to  the  pilot  on  a standard  ID-351  course  indicator. 

The  IMUs  supply  the  velocities  in  terms  of  Vjj  and  Vg . A com- 
puter subroutine  trcinsforms  these  velocities  to  longitudinal 
and  lateral  ground  velocities  an  measured  at  the  aircraft  eg. 
Velocities  are  displayed  ov'ct  two  sensitivity  ranges;  low 
sensitivity  range  +15  knots,  both  axes;  high  sensitivity 
range  j^iOO  knots  longitudinal,  and  j+50  knots  lateral.  The 
low  sensitivity  range  is  used  when  the  hover  hold  mode  is 
selected 

3. 5. 1.6  Caution  and  Advisory  Panels 

Three  caution  and  advisory  panels  are  available  to  the  pilot: 
• Master  Caution/Advisory  Panel 
a Master  Caution  Light 
o .Auxiliary  Caution  Panel 

AFCS  failure  status  is  displayed  to  the  pilot  via  the  AFCS 
warning  and  AFCS  OFF  lights  on  the  master  caution/advisory 
panel.  With  no  AFCS  failures,  the  warning  light  is  out.  The 
first  failure  causes  the  AFCS  warning  light  to  flash.  The 
pilot  can  reset  the  flaslior  by  pressing  the  master  caution 
light  and  it  will  stay  on,  but  not  flash.  Any  succeeding 
failure  will  cause  it  to  flash  until  reset  again.  There  are 
nine  fli,sher  groups: 

1.  Computer  Fir,st  Failure 

2.  Interface  Unit  First  Failure  (or)  DEL  Warning 

3.  Pitch  (or)  Roll  (or)  Yaw  Rate  Gyro  First  Failure 

4.  Pitch  (or)  Roll  (or)  Heading  Attitude  First  Failure 

5.  Long  (or)  Lat  (or)  Dir  Control  Position  Transducer  First 

Failure 

6.  LCCC  (or)  Baro  Alt  (or)  Nonredundant  I/O  Failure 

7.  Vert  Acceleration  (or)  Gear  Switch  (or)  INS  Velocity  Fail 

(or)  Sensor  Warning 

8.  Differential  Pressure  First  Failure 

9.  Airspeed  First  Failure 
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Syntom  level,  second  failures  will  cause  the  AFCS  OFF  light  to 
come  on  indicating  AFCS  disengagement.  The  master  caution 
light  gives  a heads-up  indication  to  the  pilot  that  the  status 
of  the  mar.tc'r  caution  advisory  panel  has  changed. 

The  auxiliary  panel,  mounted  on  tlio  glare  shield,  display.s 
tlie  engage/di sengage  status  of  the  individual  AFCS  control 
axes . 

3.S.1.7  BTTF,  Panel 

The  BITF  panel , designed  and  developed  by  General  Electric 
for  ground  and  preflight  checkout  of  the  FCCs,  lOPs,  and  rate 
gyros,  performs  the  following  functions: 

• Provides  a means  to  initiate  and  select  the  self-test 
sequence 

• Indicates  testing  in  progress  and  all  test  failures 

• Provides  a "GO"  indication  for  each  individual  channel 

(The  BITE  Panel  is  shown  in  Figure  135.  A rotary  detent 
selector  switch  is  used  to  select  the  channel  to  be  tested. 
Positions  include  the  following: 

• OFF 

• Channel  A 

• Channel  B 

• Channel  C 

• System 

A series  of  six  LEDs  are  used  to  indicate,  in  binary  form,  the 
number  of  the  test  in  progress.  A test  initiate  momentary 
pushbutton  initiates  the  test  sequence  which  continues  auto- 
matically to  completion  and  terminates  with  a "GO"  light.  If 
a test  failure  is  encountered,  the  sequence  stops,  indicating 
the  failed  test  number.  When  the  fault  is  corrected,  the 
sequence  may  be  reinitiated  to  identify  additional  failures 
by  actuating  the  switch  again. 


Tho  BITE  syKtctn  is  entirely  dorntant  when  the  BITE  ARM  switch 
on  the  MODE  SELECT  panel  is  off.  When  this  guarded  switch  is 
thrown  into  the  ARM  position  and  both  engine  condition  levers 
are  in  the  off  position,  power  is  applied  to  the  AFCS  BITE 
panel . 

Wlien  tlie  BITE  is  enabled,  the  AI^MED  light  will  illuminate, 

(The  four  green  GO  lights,  the  rod  FAIL  light,  and  the  amber 
TEST  light  can  be  illuminated  by  depressing  the  LAMP  TEST 
button.)  'Die  channel  to  bo  tested  is  selected  by  turning  tiie 
TEST  SELECT  rotary  switch  to  eitiier  A,  B,  C,  or  SYS.  The 
test  sequencer  will  start  when  the  INITIATE  button  is  pushed. 

As  rhe  sequencer  steps  through  the  tests,  the  TEST  light  will 
remain  on  and  the  TEST  NUMBER  lights  will  indicate  the  test  in  a 
binary  code.  The  sequence  of  tests  is  listed  in  Table  22, 
Section  3. 2. 4. 9. 

If  all  tests  pass,  the  green  GO  light  for  the  channel  selected 
will  go  on,  and  the  TEST  NUMBER  lights  will  show  the  last  tost 
in  that  sequence.  The  TEST  iic)ht  will  remain  on.  The  BITE 
system  is  now  ready  to  tost  the  next  cliannel  . Select  another 
channel  and  proceed  as  above.  If  any  test  fails,  the  FAIL 
light  v;iii  go  on,  and  the  TEST  NUMBER  lights  will  indicate  the 
test  whicli  failed.  Tliis  knowledge  will  aid  the  operator  in 
diaejnoning  tlic  cause  of  the  failure.  The  test  sequence  cannot 
proceed  beyond  a failed  tost.  If  the  INITIATE  button  is  de- 
pressc’d,  the  soquenc<'r  will  be  rest>t  md  all  lights  will  go 
out.  Wlion  all  tests  in  all  channels  liave  passed,  the  TEST 
SELECT  switch  should  bo  turned  to  OFF,  and  the  BITE  ARM 
switcli  should  be  turned  off.  It  is  not  necessary  to  reset 
tlie  systt'm  bc'fore  or  after  the  test  sequence;  this  is  done 
automatically . 

3.9.1.H  AFCS  Failure  Status  Panel 

The  failure  status  panel,  shown  in  Figure  135,  provides  an 
indication  of  failures  within  the  computers  and  lOPs  on  an 
individual  channel  basis.  A total  of  48  monitor  points  are 
displayed.  Grounding  of  a given  circuit  energizes  a light- 
emitting  diode  (LED)  for  the  respective  monitor  point.  The 
panel,  in  addition  to  displaying  first-failure  information, 
provides  an  explicit  indication  of  system  second  failures  via 
the  top  row  of  liglits,  as  well  as  by  the  LEDs  associated  with 
tlie  individual  monitor  point  failures. 
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3 . 5 . 1 . 0 Sensor  Fai  liir*-  St  atviS  Panel 


The  sensor  failure  status  panel,  shown  in  Figure  135,  provides 
gn  indication  of  sensor  failures  as  detected  by  the  lOP  sensor 
monitors.  The  grounding  of  a given  circuit  energizes  the  LED 
for  the  respective  monitor  point.  The  bottom  row  of  LEDs, 
which  are  not  labeleci,  indicates  stuisor  comparator  trips.  The 
panel  incorporates  three  pushbutton  switches , located  on  the 
front  panel,  for  testing  the  operation  of  the  LEDs.  A 28-voit 
dc  to  5-volt  dc  power  converter  is  incorporated  in  tlie  panel 
to  energize  the  LEDs.  The  5-volt  dc  power  is  also  fed  to 
Discrete  Status  Panel  I to  drivt'  its  LED  circuits. 

3.5.1.10  LCC  Station  Control /Display  Devices 

An  IX:C- enabled  light  and  drift  clear  switch  are  located  on  a 
vertical  panel  to  the  operator's  left  front.  The  enabled 
iigiiL  indicates  that  the  pilot  has  armed  the  LCC  controller 
for  hover  maneuvering  and  load  positioning.  Operation  of  the 
drift  clear  pushbutton  switch  provides  the  LCC  with  the  abili- 
ty to  momentarily  resynchronizo  the  IMU  hover  hold  velocity 
control  loops.  This  function  is  needed  to  correct  for  accumu- 
lated sensor  drift  at  thos'*  times  when  the  PHS  is  not  operat- 
ing, thus  automatically  updating  the  IMU  velocity  data. 

'I'hc  LCC's  PHS  control  panel  is  located  on  the  aft  portion  of 
the  left  side  control  panel.  This  unit  is  an  exact  duplicate 
ot  the  pilot's  panel  which  is  described  in  Section  3. 5. 1.2. 

3.5.2  Test- Oriented  Eguipment 

3.5. 2.1  System  Test  Function  Panel  (STl'P) 

The  Eystfmi  Test  Function  Panel  sliown  in  Figure  133  is  located 
on  the  left  front  of  the  center  console  within  recoch  of  the 
pilot,  copilot,  or  test  engineer.  The  panel  was  developed  by 
General  Fl(?ctric  as  a piece  ot  ground-  and  flight- test  equip- 
ment and  would  not  be  part  of  a production  AFCS.  This  egiip- 
ment  provide>s  distiirbances  of  preselected  amplitude  and  of 
automatic  or  manual  time  duration  for  AFCS  evaluation.  In 
addition,  the  panel  providc-s  the  capability  to  disable  any  or 
all  AFCS  axes.  The  panel  is  bach  1 ightt'd  for  r\ight  operations. 
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3. 5. 2. 1.1  Axis  Disabling 


The  lower  portion  of  the  panel  contains  four  switches  used  to 
disable  the  AFCS  control  axes.  Displacing  the  switch  to  the 
disable  position,  results  in  that  axis  being  disabled.  Any 
output  signals  on  that  axis  are  ramped  to  'O'  at  a rate 
between  .07  and  .2  inches  equivalent  pilot  control  grip  move- 
ment per  second.  Returning  the  switch  to  the  enable  position 
causes  the  axis  to  be  reenabled  at  the  same  ramp  rate. 

3. 5. 2. 1.2  Aircraft  Disturbances 

To  disturb  the  aircraft  automatically,  the  upper  and  middle 
sections  of  the  unit  marked  "Function  Input",  "Excitation", 
and  "Location",  are  used  in  various  conbinations . The  detail 
usage  is  described  below.  The  panel  switches  input  discretes 
to  the  lOP,  but  the  actual  functions  are  generated  in  the 
computer  software. 

3. 5. 2. 1.3  Function  Input 

Axis  Selection.  The  upper  left-hand  switch  is  used  to  select 
the  axis  to  be  disturbed  Choices  are: 

• OFF  - No  axis  can  be  disturbed 

• LONG  - Enables  automatic  inputs  to  be  selected  for  the 

longitudinal  axis  only 

• LAT  — Enables  automatic  inputs  to  be  selected  for  the 

lateral  axis  only 

e DIR  - Enables  automatic  inputs  to  be  selected  for  the 
directional  axis  only 

• VERT  - Enables  automatic  inputs  to  be  selected  for  the 

vertical  axis  only 

• LCP  - Enables  automatic  inputs  to  be  selected  for  the 

longitudinal  cyclic  pitch  only 
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7\mplitudc  Select.ion.  'I’ho  upper  riqliL-hand  portion  of  the 
panel  is  used  to  s<'lect  disturbance  maunitudc  and  direction, 
^elections  available  are: 

• OFF  - Inhibits  ^lny  automatic  disturbances  from  being 

passed  through  the  control  sysLem 

• liO  - Pioduces  smallest  amplitude  of  disturbance 

m MED  - Produces  i ".termed i ate  level  of  ilisturbance 

• HI  - Prod..i.  • . largest  level  of  disturbance 

9 IMOlI'l'  (Hi  ) OK  LEF'i  (DOWN)  - Rotating  tlie  switch  clockwise 
or  counterclockwise  determines  disturbance 
polari ty 

'Hie  table  below  lists  the  individual  axis  amplitudes  corres- 
porjing  to  the  selections  available. 

AMPLI'l’UDE 


fITCH  POSITION 

LON<; 

vi^r_. 

KAT 

D 'K 

LCP 

High 

1.0 

1.5 

0.75 

0.6(: 

i 

1 

Medium 

.07 

1.0 

0.50 

0.44 

1.0 

bow 

.33 

0.5 

0.2  5 

0.22 

r 

All  inputs  are  s\TTimetr ical  for  rigiit  (up)  or  left  (down)  . 

All  values  are  inches  of  cockpit  grip  motion  except  LCP, 
whicii  IS  in  terms  of  cyclic  pitch  blade  angle  at  botli  rotors. 

Excitation  - Pulse.  Ramp , Stey-',  Tlie  excitation  panel  section 
is  used  to  insert  a pulse,  step,  or  ramp-type  disturbance  to 
trie  aircraft. 

• Pul se ■ A momentary  depression  of  the  button  causes  a 
1- second  pulse  to  be  passed  thioucjh  the  Al'CS  to  tiie 
aircraft , 

0 Step-Ramp.  Select.ing  tb.e  step-ramp  switch  to  the  step 
position  provides  a step  input  to  the  AFCS.  This  switch 
is  spring  loaded  such  that  the  input  will  be  lield  in  the 
AFCS  only  so  long  as  the  sv^itcti  is  depressed.  Selecting 
the  ramp  position  causes  the  signal  selected  to  ramp  up 
to  the  steady  state  selected  amplitude  in  4 seconds. 
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Loc^ion  - OFF.  DIFFERENTIAL.  PARALLEL 

The  location  switch  is  used  to  select  a differential  or  par- 
allel automatic  disturbance  to  the  aircraft  control  system  a« 
described  below. 


® Prr  Location.  In  the  OFF  position,  no  automatic  disturb- 
ance can  be  passed  to  the  aircraft. 


° Location.  Ramps  or  steps  are  introduced  to 

move  the  appropriate  cockpit  controls  directly.  This  is 
analogous  to  the  pilot  inserting  the  same  input  manually. 
The  parallel  inputs  move  the  cockpit  control  through  the 
Cockpit  Controls  Driver  Actuators  which  have  a maximum 
velocity  limit  ot  approximately  1 inch  per  second. 
Tlierefore,  the  parallel  step  selection  causes  the  leading 
and  trailing  input  demands  not  to  be  sharp  edged.  The 
parallel  inputs  are  intended  to  simulate  repeatable 
accurate  maneuver  demands  by  tlie  pilot. 

* — (.blFF)  Location.  Pulses  or  steps  are  intro' 

duced  to  the  Direct  Electrical  Linkage  System  and  longi- 
tudinal cyclic  pitch  without  moving  the  cockpit  controls 
AFCS  logic  inhioits  differential  ramps  from  being  input 
to  the  control  system.  T),e  differential  inputs  are  used 
to  evaluate  stability  and  wind-type  sharp  edge 
disturbances . 

® ~ QN.i — QEy.-  This  function  was  disabled  for  Model  347 

fli'jut  testing. 


3. 5. 2. 2 Parameter  Change/Display  Unit 

The  Parameter  Change/Display  Unit  (PCDU)  proviues  two  essen 
tially  independent  functions.  These  are  parameter  display 
and  parameter  change.  The  panel  is  furnished  primarily  for 
t)ie  flight-test  phase.  Figure  138  shows  the  panel  layout. 

3.5, 2.2,1  Parameter  Change 


Tiie  parameter  change  function  provides  a means  of  varying  the 
Sp  and  8q  constants  ot  any  algorithm  in  program  storage  by 
adding  net  increments  to  the  constants  as  they  are  used.  The 
value  in  program  storage  remains  unchanged  (program  storage  is 
not  alterable  in  flight).  This  function  has  its  own  display 
for  monitoring  t'le  values  of  Sp  and  Sq  net  increments. 
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Cleary [p  Capabi  Li  t 

Tlio  valup  pf  Sp  and  Sq  for  all  '312  ;;t:orpci  algoritlims  can  bo 
chanqod  in  .stops  of  ±^1 , +10,  +,100,  f+nd  +1000  machine  units. 

Tlio  net  ohancp'  is  displayt'd  in  a digital  readout.  In  each 
algor  it)im  t imt',  not  rncrcnionts  for  tlie  Sp  and  Sq  constants 
are  selected  by  means  of  the  program  instruction  address  for 
tliat  algorithm  time.  'Die  not  incronu-nts  are  serially  added 
to  the  constants  as  ttu"/  are  sliifterl  into  the  arithmetic  unit. 

Changing  tlif'  Sp  and  Sq  not  increments  for  an  on-i  ire  algoritlim 
is  accomplished  by  the  following  procedure: 

• .Select  memory  location,  including  designation  of  Sp  and 

Sq 

• Select  + or  - sign 

o Select  ENABhF  (if  not  in  that  position  already) 

e Dcqnress  desired  increment  value  puslibutton  (one.'  only) 

At  the  time  wlien  the  selected  Sp  or  Sq  net  increment  is  added 
to  the  Sp  or  Sq  coiistant,  the  new  increment  selected  at  the 
panel  ( + 1,  _fl(h  +.i^’'^,  is  added  to  the  old  net  increment 

and  the  nev;  net  increment  is  stored  in  place  of  the  old  net 
increment.  The  1 NCREMEM'I'  switcher,  are  interlocked  so  that 
only  one  increment  value  at  a Lime  can  be  added  to  a net 
1 nc  r’emen t . 

The  panel  di.splay  monitor.s  th('  si'lc'cti'd  Sp  or  Sq  net  incre- 
ment at  the  time  it  is  u.seci.  If  the  selected  net  increment 
belong.s  to  an  algorittim  which  is  not  on-line,  it  will  not  be 
di.splayed  and  the  tii.splay  will  he  hianked. 

'Die  limits  on  the  permitted  range  of  values  for  tli-^  n<.'t  incre- 
ments are  ■‘ttihl  and  -)tlB2.  If  an  increment  wenild  cause  the 
value  of  a nc*t  increment  t c)  exceed  those  limits,  an  overranqe 
ecanditiisn  i.s  fiotected  ,and  tlu'  old  net  increment  value  is  pri'- 
.yervf'd.  ,l)ig)r>'.s.s  i ng  CnMA.V  or  anoMier  I NC’KEMITJT  switch 

will  clear  tl,e  overtlow  eondilion  in  addition  to  the  normal 
oper  at  ion  't  I h<-.se  switehe;'. 

Throwing  t tio  l:NAfd  t ''I  ? I .SAUl.l-,'  switch,  to  1)  1 .SAIi  l.,!-:  inliiiiit.s  tfie 
ctiangini;  ot  any  net  i neia-mr-nt  s . Ttte  display  taanains  act  ive. 

1 2 -1 


! I i(i  i ( M t ( 1 r : ; tin  tiu'  I'l'I’A'I'l);;  :;v/i1;'li  i;i(>nit.oi  tin  I’lnx’]-,  atid  itcim- 


t i o n s 

yne  v 

1 ) 1 ( ■ 

r ; - . 

i 1 

;d.  Itii 

1 . ni  t in'  ( 

: ■ d ic  k 

i 1 1 uni  i na  t 

(':->  t he  C, 

,'h'c'(  nd 

fa  i 1 

11  !'(  ' 

of 

t he 

e 1 CK'k 

i 1 1 uin  i na  l.i 

"S  tin 

• 2 nndi'r 

t.hc'  (’  ami 

f.'.auses 

t.lK- 

0,1  C 

<\l\U  ' 

let  ( 

• h a n > 1 e 

I n lie  t i on  t 

lat  !)(' 

d i s, idled  . 

i'he 

s,  .line  s. 

ecpn  'll 

v''f‘ 

1 i es 

1 o t In 

.s’.'iie  jior' 

1 ii.'ii  ( 

'll  t lie  sw  i 

tell. 

!)('pia  as 

■s  1 n,  1 

l.h<' 

:;w 

i la'll 

reset.; 

; t he  1 a i 1 u la ' i , 

1 ladies  . 

d I n 1 , 1 

lie  S 'y' 

t t ' 

til  1 

;•>  ) i> 

till'  r a 

'..el  liu  ).  1(  ■ , 

tin.  , 

lai'.aiiK't  ('r 

c'lianf.je 

1 U M, ' t i 

on  IS 

TU  1 

1 1 

1 !i;  1 t ( 

1 toe 

'(.ins  ta  I its  ( 

‘Oi'  re; 

4j)oiidiii(^  t. 

o on-line 

, 1 1 a o 1 i 

1 Inns  . 

} 

IS  r' 

e;;(  t , 

.any  c: 

it  ' he  1 2 

J'p  Ol 

r .q  q a 1 1 1 e 

s (’an  be 

I 'ha I'll) I 'd  . 

. 2 . . 2 I'a  1 ani' • ' I • r Dir-iplay 

I'Ih.'  pa  r anicdi.C'r  diaiplay  Iuik'I  ion  [irov  i dc-r.  a pa.insivc'  display  (d' 
all  jicnsor  inputs,  i no  i < 'in' a . t.  d,d<)  words,  ,Sp  ,i:kI  dq  constant;', 
ind  wliolo-woid  <:l.a1  a ro'ii.sliTs  d,  V,  X,  ;,ind  Y.  Any  of  tlu.' 
tdra.'O  coinputor  <-hann*  ls  I'-an  df  nton .!  to ri 'd  d\irinq  any  dlqori  t.lun 
L i ini ' . 

'li'ii  display  is  ! Mvi  -dipit  dis-intal  pl'a.s  sit)n.  A di()ital.-to- 
ai'.ali'a  t.lninis'l  is,  r’li  1 ddi'  ir  i i s-ct  ( ana  I luotia'.  iiii'  riinaloq 
output  ia  4-1(1  ■/rdts  I'  ad  IS  di'i  ivi'd  Iroiri  tin'  12  incnst  ;;icj- 
n 1 ‘ 1 ( MM  1 i d t s t >1  tin  1 i : .p  1 a y('d  data  wore  I . 

On  ooniiiionti  ! i tarn  ilio  'lispl.iy  intraf.ioo,  fla-  f.ianol  l i ansm  i t.;;  an 
addji's.s  and  .i  M'pn  ;;l  oiidc,  dasod  on  tho  solootod  <1  djrir  i t lull 
t iiiH'  ( t huiudwl  H '■  d svviti.dii's)  ail'd  I Ik'  l.•.■i^l'd  {'m  r ainc't  ra 
( I’AdAMlIi'dR  md  C.dOUl’  s'.-. a I (an  a;)  . On  Idi  ■ das, is.  cd'  1 li  i ::  informa- 

tion, till-  int'i  a- 1 ace  loqio  waits  ur.t  il  (lie  ccaaoct  d<.4la  is 
I va  1 1 ad  1 I ■ and  .SI  a 1(1  s It  d.  n ' K t 1 1 tin  p,  i tn  d ’ < ,)  d( ' 1 i s p 1 a ,'i 'd  . 
ii,('  d.isplay  i ;;  n<>iniali','  upd.il''d  onta’  [.x  r it.iratjoii. 

I)i.',nrct<‘  sampl  inp  ol  input  d.tt.,i  is  tjos.'.idic  in  tin  event  tin- 

d.d  I I'h.inijes  t I )( , '.juieklY  I I ! di  • ( )i  is<  a '.a- •!  1 easily.  !)e[.)ri  as  s i nq 
SAMl'dl'l  wi  1 I i.ajuM-  tin'  iie>:‘  data  w( , i d to  de  In  Id  in  the  input 

M'qislfa"  ( i nd ) ea  c or  lit)  until  SAMi’f.lt  is  d4.pr('ssi'd  atpiin 
(iiidicaitoi  daik)  . 'liie  cliannid  I e,  in-  nion  i t.  a .i  r ed  i .s  si  dec.ded  b')' 
inea'  .s  ol  I tie  (MijS'pgi  I,  .sv.'it'.'h, 

■ i . ‘i  . . .1  diH(a(  le  tdatiis  I’anels  !i  1 and  112 

daeh  1,' 1 seret  e t.iatus  p.imd  pii'Vides  >i  ili'ijiiuy  ot  the  Seat. us  id 

1.11.;,  t(i  /(■;  MOjiials  .u  iqiiial  i in  i in  (iu-  1 iipnt. /( Hi  t nu  t i'roee.ssor 

unit  s /» , 14,  and  'lin-  i 1 1 1 at  ait;  i ion  displayi'd  on  thnnse  panel,':: 

1 I a.  a I"  i de,  1 I o I ae  i 1 i i . i f e on  line  a i ni  ! ■/ s i ; , and  t i oub  I ■ 

‘12'- 
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sl'.oot,  i tiq  o'.  i.!h'  princ'ipnl  Ar’C’i;  iiio(lal  1 oq  i c input  switching 

anci  ttirruihoJcl  st.at.os,  ns  wc*!!  nr;  liinct  ion  output  states.  The 
Mg).s  on  Panel  if:  are  ciri'an;  trtnn  rcip.s  A and  C and  the  LEDs  on 
i’anel  if 2 ire  driv('n  1 rom  1 OPs  A and  n.  Tlie  qroundint|  of  each 
c ! rcu  1 t etierqinef:  a Lid')  with  t Pa-  adjacent  legend.  Eacdi  panel 
i ncot'pcu'at  er:  two  pur.lil'u  t t on  switclu's  locata'd  on  the  front  of 
tlie  paiK  1 t (1  lawst  ih<'  ouf'rai  ion  ol  t.tie  LEDs.  Figure  135  shows 
I lie  para^l  layout  s. 

‘ ■ ' 'pt'DNP  Silt'’ poitr  Ftd 

The  i tuaml  iiii;  of  t.hi:;  s-'ction  is  te>  familiarise  tlie  reader 
I h i.iio.se  1 1 enis  'at  egu  i I'r.ient  neci  ssary  for  the  test  and  pro- 
qramniing  r^uppori  iK'eessary  in  I.  he  AldlF  procjram  development 
effort.  Tills  do*  s at'l  nece.ssariiy  indiratie  the  type  of 
grouiKi  support  equipment  requ.ir*'<i  for  equivalent  production 
hardware . 

The  cjround  .'-uipport  equipir-ent.  is  divided  into  two  clcisses? 
t flat,  spec j f i cci  1 1 y used  to  prdcjraiii  and  eiieck  out  tlie  computer 
-softwar*',  and  t.liat  uiu'd  for  hardwaiv  che'ckout  and  trouble- 
s ) 1 o o t i.  n < ) p u r po  .9  e s . 

^ ^ doftware  Support  Fqiii  pnu-nt. 

'i'he  following  i i (>itis  of  *'qiiipnient  are  essential  to  the  simplex 
.sy.steiii  pro'iram  \ alidai.ion  phase  and  .subsequent  programming  of 
•fie  computer  program  raemory  Tioarus,  prior  to  conducting  a full 
triplex  s'/stem  clieckoui  . 

o l^ro<)rain  Loaflei'  Unit 
o Core  Memory  Unit 
o ROM  jho'irammcr  Unit 

o I’roqrain  Monitor  Unit  (ut  i 1 r zed  by  (lenerai  Electric;  Co. 
only  'n  both,  software  devc'lopment  and  hardware 
cfic-c'kou  t. ) 

l.fi.l.l  Proijrnm  Loader  Unit 

i'h*'  f’locjram  Loafler  Unit  (.see  l-'iijure  139)  is  used  to  load  the 
Program  Memoiv  or  the  ROfi  PrcKjranuiier  with  the  software  pro- 
gram and  !o  ir.dicate  tlie  status  of  those  units.  Provision  is 
made  lor  either  automatic  loaclin*}  with  a punched  paper  tape 
or  maniial  loadirui  via  a .switch  panel.  Sixteen  binary  indica- 
tor.s  read  out  programmed  data  to  j armit  visual  program  verifi- 
cat  ion.  An  automfitic  veritication  mode  is  used  lo  check  the 


[itinir.iin  .ic;.iin;;t  Uh'  t.ipc.  'I’lic  pioifiMin  1 ape  i:i  nindc  by 
till'  Viriablc  I tu-rr'i-f-iil  C'oinpii  t . a 1 < ■ r I'r-oqraia  (VtCAP) 

as.-aaiil)  1 (' r dti  a lalioiatoi'y  t'oinpu  la  • r , ‘I'lic  prtiijrarn  is  pu  L on 
four  i.ipt's,  iMcii  one  coi  I'espondi  n<(  to  a MO;:  I’roqram  St.oraqe 
Boa  i ( i . 

dj,)e  r a t Mjfv  A's 

rile  Prociram  Loadc'r  Unit  has  lour  opcratitiq  modes: 

^ • bOAD/Miibi l'\’  - Inputs  lial  ii  read  I rom  tape  to  m.crtiory.  LOAD 
v;]ll  elear  tdie  memory  to  <»  selahlt'  bit  pattern  whale 
MObll'Y  affects  only  tlie  locations  on  th.c  tape, 

‘ Jll  ~ f'oiiipart.’s  data  rc'ad  I rom  tape  to  data  already 

.'dori'd  in  memory.  The  VMRTFY  mode  has  two  functions. 

I i rst  , 1 t al  lows  • ho  Bropram  fioador  Unit  to  check  that 

the  intormation  has  i^ctui  loaded  correctly.  The  second 
is  a doc'unient  ation  tf-clin  i qur-  for  keepiruj  track  of  manual 
cluincjos  made  to-  the  stored  proqram. 

Vl'.lill'^Y  liKROR  - The  Vlil^ll'Y  lIRROR  litjht  has  a triple 
function.  In  the  VERIFY  mode,  it,  will  indicate  a differ- 
ence betwt'en  the  tape  and  tlie  memory.  When  the  PLU  is  in 
tfie  display  service  mode,  it  shows  the  results  of  an  odd 
parity  check  on  tlie  ineominq  data.  Wlien  the  ROM  Program- 
mer IS  being  loaded,  it  will  liqlit  if  t.ho  read/write 
chock  in  the  proqrammer  fails. 

“ i he  MeMORY  Nt*  GO  light  indicates  the 
nt.atus  ot  a memory  monitor  which  checks  memory  parity, 
timing,  and  power  supply  voltages. 

3.().1,2  fore  Memory  Unit 

Memory  Unit  is  used  to  provide  an  electrically  alterable 
program  siorage.  It  is  used  for  simulation  and  software 
development  cflort  on  the  ilbll-ATP  AFCS  program. 

Memory  Capae i t y/Tiniing 

!ii<‘  Memor-/  dnit  .i  loader]  by  tlic  Protjram  boaiier  Unit  and 
contains  an  HK  x If]  bit  core  memory  which,  provides  512 
aJcjorit.hms  of  non-volatile  program  storage.  Timing  and 
cont  rol , and  input/output  ouf fering  are  provided  for  transfer 
of  data  to  tin-  coiiipnter,  and  also  for  read/writer  operations 
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with  iho  I'roqran^  lioadc'i'  Unit  , i'tu  Memory  Unit  i ;i  in  .i  rnad- 
only  niu'.h-  v.’)ic'n  oporatimi  with  tlw  (•omputor  only. 

Till-  numoi"'/  in  .i  i -clinu^n:;  i on , T-wiro,  dontructivo  rc'adout 
core.  It.  IS  non-vo.,  at  i 1 o and  ol  ootr  ioal  ] y a It  ('rah]  . Full 
c-yc!('  t iiiK'  I'or  i'oad/r<'sl  ort'  is  2 . 'j  micTosi'coiuls , An  internal 
1 Mil/  er'.’stal  cont. rolled  oscillator  is  used  for  independent, 
memory  unit  operation. 


BT'I'E  Provision.'; 


Interna]  morn  tor  inq  is  providt'd  so  that  continuous  parity 
check  is  performed  on  every  memory  location, independent  of 
th<’  computer  requests.  The  Memory  Unit  may  be  operated  by 
jtself  with  the  Program  Loader  Unit  in  order  to  accomplish 
program  editing  or  other  program  loading  functions. 

The  following  built-in  tests  are  provided  in  the  Memory  Unit: 

o Parity  clu  • on  every  word  read  from  memory 
o Timing  sta  ms  monitor 
<»  Pywer  status  monitor 
o Data  transmission  parity  chock 

3, (.1.3  ROM  Programmer 

Tlic  ROM  Programmer  (see  Figure  140)  is  used  to  load  the  soft- 
ware program  into  the  computer  ROM  program  storage  modules 
and  to  load  the  lOP  ROM  sensor  monitor  modules.  The  Computer 
Unit  has  four  ROM  program  storage  modules  and  the  lOP  has  one 
ROM  sensor  monitor  module. 

I’lie  ROM  Programmer  is  used  with  the  Program  Loader  Unit  to 
accomplish  automatic  program  loading  and  automatic  verifi- 
caticu.  aejainst  the  tape.  liie  tape  a.'jsembly  is  part  of  the 
Program  Loader  Unit. 

The  function  of  the  ROM  Programmer  is  divided  into  tliree 
main  modes  of  operation. 

LOAD  Mode 

Under  control  of  t lie  I’LU,  data  from  the  tapt>  is  loaded  into 
the  RAM  in  tlu;  ROM  Programmer.  A read/write  c'neck  is  per- 
formed on  all  data:  a read/write  error  activates  the  VERIFY 
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ERROR  liqht  dii  l.ho  I’l.ll  and  .sLops  I ho  tapf' . 'rhe  entire  RAM 
will  bo  clonrt'd  to  the  Inl.  pattern  of  tlu'  first  data  ' rd  on 
tlic  tape, 

PROGRAM  Mode 

A progratrjned  counter  generates  ad<tresses  such  that  the  ROMs 
are  programmed  one  at  a time  in  sequence  and  at  a rate  that 
insures  operation  witliin  the  maximum  duty  cycle  permitted-  A 
regulator  on  the  output  of  the  power  supply  allows  control  of 
voltage  switching  by  ttie  timing  logic.  No  high  voltages  are 
applied  to  any  programming  sockets  unless  the  programming 
cycle  is  in  progress.  The  PLU  controls  have  no  effect  on 
programming  cycle. 

VERIFY  Mode 

VERIFY  control  functions  and  logic  are  independent  of  those 
for  PROGRAM:  therefore,  a board  can  be  verified  while  other 
boards  arc  beincj  programmed.  Control  is  originated  by  the 
PLU. 

As  with  core  m.emory,  t!n'  PLU  compares  the  output  data  with 
the  data  on  the  tape;  an  invalid  comparison  stops  the  tape 
and  enables  a display  of  the  address  of  the  faulty  location. 

If  an  error  is  found,  however,  the  ROM  involved  must  be 
reprogrammed . 

3.0. 2  Hardware  Support  Equipment 

The  following  items  of  equipment  are  essential  to  the  triplex 
system  validation  at  the  integration  test  stand  and  system 
functional  checkout  on  the  test  aircraft,  as  well  as  for  any 
troubleshooting  tasks  at  either  location; 

o AFCS  Test  Set 
o IMU  Velocity  Simulator 
• Breakout  Cable  Sots 

3.0.  2.1  AFCS  Test  Set 

The  test  set  serves  two  functions.  It  is  primarily  designed 
for  use  with  the  Model  347  demonstration  aircraft  for  func- 
tional system  checkout  and  troubleshooting  purposes.  It  also 
serves  as  a sensor/discrete  simulator  for  use  witn  the  systems 
integration  test  stand.  The  Test  Set,  shown  in  Figure  141, 
provides  the  following  capabilities; 
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FIGURE  141.  AFCS  TEST  SET 
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1.  ContTol  and  monitor  of  all  lOP  discrotc  inputs 

2.  AC/nc  signal  control  (triplex) 

3-  AC  synciiro  control  (triplex) 

4.  Monitor  patch  panel  of  I()f>  jh  signals 

'> . Provides  bus  bar  power  (28  Vdc  and  5 Vdc)  for  external  use 
Discrete  Control 


A 32-pin  pat.ch  panel  d9T  en.aldes  either  the  simulated  dis- 
crete and/or  aircraft  -serujor  discrete  output  to  be  monitored. 
The  aircraft  sensor  discretes  art'  simulated  by  toggle  switches 
situated  aliove  the  patetv  panel. 

AC.,  DC  Sicnial  Control 

The  thret'  indt'pendent  ac/dc  panel:?  permit  triplex  system 
test  ing  of  either  ac  or  dc  signals  or  any  combination  of 
dual-  and  single-channel  signals.  The  high  and  low  signal 
source  outpvit  jacks  are  patched  to  t.he  appropriate  HI  and 
LO  jacks  on  td?('  Jfel  , 11,  t)r  111  panels. 

When  operating  from  external  ac  reference,  the  signal  is 
controlled  and  patched  similarly  to  that  for  dc  control. 

'I'tie  significant  difference  is  that  of  providing  the  correct 
phasing  for  lOP  demodulation.  The  EXT  AC  reference  jacks 
may  be  patciiod  to  any  one  of  the  system  supplied  A0,  B0,  C0 
2(i  Vac  via  the  appropriate  panels  J6I  , li.  111,  depending 
upon  which  lOP  i lie  J6T,  11,  111  rallies  are  connected  to. 

AC  Synchro  Control 

Each  syncliro  control  panel  is  supplied  with  2b  Vac  excitation 
from  panels  J6I  , II,  or  III,  or  any  otlier  source,  as  required. 
Three  parallel  outputs  are  available  for  each  of  the  stator 
windings  (X,  Y,  and  Z)  on  each  panel.  The  excitation  voltage 
may  bo  reversed  in  phase  by  the  switch  labeled  IN0/OLjT0, 
without  rcpatchinq. 
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Monitor  Patch  Panel  (lOP  J6) 

Kach  patch  panel  labeled  Jtl,  II,  III  is  connected  to  the 
dosinnated  cable  set  labeled  J61,  II,  III,  respectively. 

Patcli  panel  III  contains  tlic  total  number  of  active  system 
wires  contained  within  J6  (lOP)  cable  listing.  All  spare 
wires  in  Jb  are  not  brought  out  in  the  test  set.  Thus,  access 
via  patch  panel  III  permits  any  simplex,  duplex, or  triplex 
signals  to  be  monitored  by  connecting  to  the  desired  lOP. 
Degraded  capability  exists  on  Panel  II  in  that  no  simplex 
sie^nals  arc  available.  Panel  I only  contains  triplex  signal 
linos  for  monitoring. 

The  26  Vac  Kef.  on  each  of  the  triplex  J6  panels  has  two 
patch  jacKs  labeled  lOP  and  XMFR.  The  XMFR  jack  is  the 
system  llf3/26  Vac  output  line  which  feeds  the  lOP  3ack  input 
to  provide  a reference  for  demodulation  within  each  lOP. 

Normally,  the  XMFR  and  TOP  ^acks  arc  numbered  to  provide  line 
continuity;  however,  provision  to  break  this  line  makes  it 
possible  to  supply  each  lOP  with  any  phase  26  Vac  supply. 

Bus  Bar  Power 

Provision  is  made  for  28  Vdc  and  Vdc  bus  bar  supplies  and 
chassis  ground  to  be  available  at  patch  points  at  the  top  of 
the  test  set.  This  provides  capability  to  permit  monitoring 
of  tlie  internal  supplies  and  also  to  provide  discrete  signal 
voltage  levels  available  for  test  purposes, 

3. 6. 2. 2 IMU  - Velocity  Simulator 

The  IMU  Velocity  Simulator  provides  serial -digrtal  signals  to 
i.'oth  lOPA  and  lOPC,  representing  the  velocity  information 
normally  provided  by  both  INS  #1  and  INS  #2.  This  simulation 
device  serves  both  the  test  integration  stand  and  the  Model 
347  demonstration  aircraft  for  functional  system  checkout. 

The  IMU  velocity  simulator  panel  shown  in  Figure  142  is  con- 
figured with  two  banks  of  16  toggle  switches  which  represent 
the  binary  channel,  data  word,  sign, and  parity  bits.  Four 
momentary  pushbutton  switches  are  used  to  load  data  from 
channel  A (N-S  and  E-W)  to  lOPA  and  from  Channel  C (N-S  and 
E-W)  to  lOPC. 

rhe  required  velocity  is  set  up  in  binary  format  with  the 
appropriate  sign  and  odd  parity  (this  is  necessary  in  all 
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binary  data  messages)  by  the  toggle  switches.  Depressing  a 
pushbutton  enters  the  data  set  up  by  the  toggle  switches  into 
the  N-S  or  E-W  register  of  the  channel  selected.  The  data  in 
each  N-S  and  E-W  register  is  then  transmitted  in  a serial 
luannej.  each  time  frame  to  the  appropriate  TOP.  Each  of  the 
four  output  registers  may  be  reloaded  with  an  update  velocity 
by  reselecting  the  toggle  switches  and  depressing  the  appro- 
priate pushbutton  for  that  register. 

Tlie  lOP  receives  the  full  32-bit  word  and  then  translates 
the  22  bit  + sign  data  to  15  bit  + sign  data  to  be  compatible 
with  the  computer  digital  data  format.  This  essentially  pro- 
vides a velocity  maximum  available  range  of  +512  ft/sec  with 
a resolution  of  0.016  ft/sec,  adequate  for  the  AFCS 
performance. 

Timing 

The  simulator  utilizes  a single  clock  generator  which  is 
common  to  both  channels  A and  C.  Tlie  simulator  clock  rate 
provides  a bit  rate  of  9.6  kHz.  The  clock  runs  asynchron- 
ously from  tlie  computer  clock. 

The  transmission  of  two  serial  32-bit  words  is  completed  in 
a 50-msec  time  frame.  Clock  and  sync  pulses  are  transmitted 
to  each  lOPA  and  C. 

3. 6. 2. 3 Breakout  Cables 

Two  breakout  cable  sets  are  for  use  with  the  lOP  connectors 
J0  and  JIO, 

n-ie  use  of  these  two  breakout  cable  sets  with  the  AFCS  pre- 
flight test  set  provides  tlie  capability  to  monitor  and 
troubleshoot  any  signal  interface  between  the  TOP  and  tne 
outside  signal  domain  of  the  AFCS.  Transmiss ion  lit.es  be- 
tween lOP  to  computer  and  TOP  to  IMU  are  serial  digital 
links  and  are  not  served  by  any  breakout  cable. 


7 HARDWARE  CONTROL 


The  process  of  integrating  the  AFCS  hardware  with  the  fly-by- 
wirc  control  system  demands  close  hardware  configuration  con- 
trol for  activities  conducted  between  the  vendor's  facility, 
the  integration  test  stand  and  the  flight  line. 

Quality  assurance  provisions  at  the  vendor's  facility  main- 
tains configuration  control  of  delivered  hardware  and 
subsequent  modification  tht^roof.  Operating  procedures  defined 
for  tlie  DELS  Fliglit  Tost  Program  were  maintained  throughout 
the  AFCS  test  program  at  the  flight  line.  The  following 
informal  documentation  procedures  were  adopted  for  the  period 
of  system  tests  at.  the  int.ccjration  test  stand  through  to  the 
flight  line.  These  wore  designed  to  keep  track  of  hardware- 
related  problems  and  to  keep  a historical  record  of  activi- 
ties conducted. 

Daily  Activity  Log.  The  Daily  Activity  Log  maintains  a record 
of  all  work  accomplished  on  a daily  basis  for  whatever  period 
of  testing  is  in  progress  on  the  AFCS,  either  at  the  test 
stand  or  the  aircraft.  The  engineer  responsible  for  the  sys- 
tem testing  on  a particular  shift  enters  brief  descriptions 
of  tasks  accomplished,  problems  identified  for  further  analy- 
sis, and  personnel  responsible  for  taking  further  action. 

Problem/Resolution  Log.  The  Probiem/Resolution  Log  describes 
briefly,  all  problems  encountered  during  integration  tests, 
j dcTiti  tying  the  problem  whenever  possible  to  a specific 
locality.  For  example,  a problem  may  oe  identified  to  a 
computer  unit,  liowever,  the  cause  may  not  be  identified  until' 
further  investigation  by  the  vendor. 

Each  problem  identiiied  is  logged  by  number  and  a parallel 
resclvition  log  is  K.ept  to  track  the  findings  of  each  investi- 
gation and  subsequent  solution  thereof.  A summary  sheet 
identifies  the  problem  by  number,  locality  affected,  date 
first  observed,  and  responsibility  for  action.  Tlie  resolution 
column  remains  open  until  such  time  as  a solution  is  found. 

AFCS  Equipment  Status  Log.  The  AFCS  equipment  status  log 
maintains  record  of  all  work  conducted  on  each  line-replaceable 
unit  (LRU).  This  may  constitute  removal  and  repair  of  circuit 
board  elements,  repair  to  infernal  wiring  or  connectors,  etc. 
Each  conf iguratioii  channo  or  part  replacement  must  be  ,:itated 
along  with  the  unit  serial  number  and  part  number  affected. 
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4.0  FLIGHT  CLEARANCE  TESTING 


4 . 1 LABORATORY  TESTING 

4.1.1  Acceptance  Tests  at  General  Electric 

AFCS  functional  tests  at  the  component  an!  system  level  were 
conducted  at  the  supplier's  facility  before  delivery.  The 
tests  were  performed  at  ambient  conditions  to  demonstrate 
conioliance  with  S301-10017,  Critical  Item  Development  Speci- 
f ication  for  AFCS  Tasks  IT  and  III  Demonstrator.  Each  AFCS 
system  element  was  tested  under  conditions  simulating  cui 
interface  with  the  total  system.  Tliese  teats  were  followed 
by  system  tests  which  combined  all  elements  and  demonstrated 
acceptable  operation  in  each  of  the  system  operational  modes. 

Acceptance  Test  Procedures 

Specif ’ cations  were  developed  by  the  supplier  based  on  Boeing 
Vertol  Critical  Item  Development  Specification.  The  specifi- 
cations were  used  to  establish  requirements  for  supplier- 
procured  components,  AFCS  subassemblies,  and  AFCS  system 
operation.  Based  on  these  requirements.  Acceptance  Test  Pro- 
cedures were  prepared  and  submitted  to  Boeing  Vertol  for  re- 
view and  approval.  The  jrocedures  detailed  all  the  functional 
tests  necessary  to  demonstrate  acceptable  operation  of  the 
computer  unit,  Input/Output  Processor  (lOP) , system  panels, 
and  the  total  AFCS  system.  Test  procedure  revisions  were 
required  during  testing  due  to  the  developmental  nature  of 
the  program.  All  revisions  were  reviewed  and  approved  by 
Boeing  Vertol. 

Computer  Unit  Acceptance  Tests 

Each  computer  unit  was  tested  to  demonstrate  (1)  MOS  program 
storage  capability,  and  (2)  operation  in  the  simplex  mode. 

The  latter  test  was  conducted  with  the  computer  interfaced 
with  an  TOP  anci  tlie  system  panels. 

MOS  program  storage  was  checked  by  verifying  that  all  bits 
could  be  programmed  to  the  zero  state  and  reprogrammed  to 
tro  one  state. 

Simplex  operation  was  verified  by  inserting  a test  program, 
computing  test  problems,  and  displaying  the  parameters  with  the 
Parameter  Change  Display  Unit  (PCDU) . The  parameter  change 
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function  of  (t'acli  computoi;  was  chcicked  by  insortintj  chanyes  via 
the  PCDU  and  vcrilyitiy  the  correct  display  of  tin-  parameters. 

All  specific'at  ion  requirements  were  met  by  each  of  the 
computers . 

lOP  Acceptance  'I’csts 

Each  TOP  v/as  operated  in  simplex  to  demonstrate  compatibi]  ity 
with  the  computet,  panels, and  sensor  subsystems.  Special 
test  equipment  w<js  used  to  apply  simulated  sensor  inputs  to 
the  lOP;  response  to  the  input  conditions  was  verified  by 
monitoring  tl>o  data  displayed  by  the  PCDU. 

Frequency  response  and  phase  snift  of  each  signal  path  was 
measured . 

The  simplex  cli.inncd  v'as  operated  in  each  of  its  operating 
modes  to  verify  mode  logic  operation  and  correct  responses 
to  computer  discrete  inputs  and  outputs. 

All  specification  requirements  were  mot  by  each  lOP. 

AFCS  Panel  s Accr--pt  a nee  Tests 

Acceptance  tests  v;ere  conducted  to  demonstrate  the  electrical 
continuity  and  proper  functioning  of  lamps  and  switches  for 
ciicl'i  of  the  system  panels. 

In  addition  to  tfi  :>  above  tests,  the  PCDU  was  functionally 
tested  while  intei  faccrd  with  a ccmputer/lOP  and  other  system 
panels.  I'he  tcrsl:.  d('monstrated  its  capability  to  change  and 
display  computer  pa i ameters . 

'The  system  panels  functioned  acceptably. 

AFCS  System  Acceptance  Tests 

AFCS  components  -wvrt  integrated  into  the  system  configuration 
and  tests  were  conducted  to  demonstrate  specification  compli- 
ance in  eacli  of  the  operating  modes.  Sensor  inputs  were 
applied  to  thi-  ;.ysl  c-m  in  a manner  which  simulated  flight  con- 
ditions; rcsspoir'a  t ! tfie  sim.ulated  conditions  was  monitored 
to  evaluate  system  operation. 


Feiiluro  di'tortion  capal) i 1 il.y  was  dotormi nod  by  performing 
automatic  ni'I’E  tost.;;  ant*  by  ovaluatin<}  responses  to  induced 
sy.stem  f a i l ures  . 

Tilt'  two  AFC’S  .'-.ysti'ms  list'd  in  tlit'  ATC  Program  met  all  the 
accept  a nee  t t's  t requ  i remt'ii  ts  . 

4.1.  /!  FI  ight  Qualification  Tests  iiL  General  Electric 

Environmental  tests  were  performed  to  demonstrate  that  AFCS 
compoiu'nts  t unction  saf  t'iy  at  design  operational  environments 
and  after  exposure  to  tlu'  environments.  Satisfactory  opera- 
tion at  I ’it'  environmental  conditions  specified  in  the  Criti- 
cal Item  lievi'l  opment  Spc'ci  i ication  was  used  as  a basis  for 
i-jranting  flight  clearance'  before  entering  the  Task  III  flight 
t'.'St  p'-oqram. 

Tests  were  performed  on  the  computer,  lOP,  and  PCDUr  other 
system  components  are  similar  to  those  environmentally  tested 
in  tdie  DELS  program,  there  fori',  no  additional  tests  were 
nt'cesiiary . A summary  of  the  tests  performed  is  given  below. 

4. 1.2.1  PCDU  Flight  Qua  1 i f ication  Tests 

The  PCDU  was  tested  in  accordance  with  the  temperature- 
aititudo  conditions  of  MIL-STD-BIOB , Method  504.  An  opera- 
tional test  was  performed  to  continuously  monitor  operation 
durimi  I'xposure  and  a performance  test  was  conducted  to 
evaluate  operations  after  the  cnvironrriental  exposure. 

All  specification  criteria  were  met  with  one  exception: 

At  low  temperature  (-25”C),  the  parameter  change  numeric 
display  failed  to  illuminate  while  operating  at  the  low 
voltage  limit  (22.5  Vdc,  102  Vac).  The  numeric  display 
was  regained  w)ien  tlie  input  voltage  was  increased  to  24  vdc. 
It  was  noted  that  tfie  normal  low  voltage  limit  for  Category  B 
per  MIL-STD-704A  is  24  Vdc. 

The  I'CDU  was  exposed  to  tlie  vibration  resonance  search  test 
of  MIL-STD-BIOB,  Method  514.1,  Procedure  I.  Each  axis  was 
swept  through  the  required  frequency  range  in  a 20-minute 
time  interval.  No  discrepancies  resulted  from  the  vibration 
tests  and  the  unit  showed  no  sign  of  physical  failure  upon 
completion.  Tlie  unit  satisfactorily  passed  the  tests  speci- 
fied in  the  acceptance  test  procedure. 
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4.  1.2. 2 Comp»itor/lOP  Flight  Oua  1 i f ication  Tests 

Temperature-altitude,  vibration,  and  luiniidity  tests  of 
MIIi-5')TD-BlOB  were  conducted  with  the  computer  and  101’  inter- 
faced and  functioning  in  the  simplex  mode.  Operational  tests 
were  made  to  provide  a continuous  internal  monitor  during  cacti 
of  tlie  environments.  Performance  tests  were  made  at  signifi- 
cant points  to  determine  equipment  response  to  special  input 
conditions . 

The  computer/IOP  functioned  as  required  during  temperature- 
altitude  tests.  No  evidence  of  physical  damage  was  present 
after  the  tests. 

Vibration  tests  were  conducted  with  the  computer/lOP  shock 
mounted  and  with  the  units  rigidly  mounted  to  tlie  vibration 
test  fixture.  No  failures  occurred  during  resonance  search 
or  resonance  dwell  at  the  frequency  selected  by  Boeing  Vertol. 
Three  failures  occurred  during  tlie  rigid-mount  vibration 
endurance  test:  One  ROM  and  two  microcircuits  failed  and  wore 
reclaced.  Inspection  of  each  of  the  tliree  failed  devices 
revealed  no  evidence  of  mechanical  damage. 

'Ilie  computer  and  lOP  were  subjected  to  the  10-day  humidity 
cycling  test  of  MIL-STD-810B , Method  507,  Procedure  I.  'Two 
types  of  failures  were  recorded.  Failure  of  several  metal 
film  resistors  was  experienced;  however,  their  failure  rate 
was  within  the  acceptable  MIL-Spec  limit. 

A pumber  of  read-only-memory  (ROM)  device  failures  also 
occurred.  In  an  attempt  to  assess  tlie  degrading  effects  of 
humidity  on  the  ROM's,  a random  sample  of  three  device:;  wa:i 
selected  from  new  stock  to  be  subjected  to  identical  condi- 
tions present  during  test  of  the  computer.  At  the  end  of  the 
10-day  cycle,  the  three  ROM  devices  were  taken  from  the  test 
chamber  and  memory  contents  were  immediately  verified.  Mo 
discrepancies  were  found  on  any  of  the  devices. 

Examination  of  the  printed  circuit  >)oards  on  which  the  ROM's 
are  mounted  indicated  considerable  moisture  penetration  of  the 
conformal  coating.  The  probability  of  line-to-line  conduction 
paths:  existing  at  the  time  of  power  turn-on  may  liave  resulted 
in  the  transmission  of  excessive  currents  to  some  of  the  ROM 
elements.  The  position  agreed  to  for  completion  of  the  ATC 
program  as  to  continue  operation  with  the  existing  board 
configuration, as  no  device  failures  attributable  to  humidity 
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werf'  exporienced  eithi'r  prior  to  or  subsequent  to  the  humidity 
tests.  Also,  full  qualification  of  components  was  not  the 
purpose  of  the  ATC  program  as  was  evaluation  of  demonstration 
system  performance.  Furthermore,  the  rapid  advance  in  whole 
word  relative  to  incremental  computer  technology  would  tend 
to  indicate  use  of  the  former  type  in  a production  HLH  system. 

4.1,3  J nteqra t ion  Test  Stand 

Tlie  integration  test  stand  provides  for  a spatial  installation 
of  thi'  pilot  an<i  copilot  controls,  force  feel,  mechanical 
linkages,  DHLS  actuators,  swastiplato  driver  actuators,  and  up- 
per boost  actuators.  The  test  stand  has  found  substantial  use 
in  tlie  integration  tests  of  the  fly-by-wire  control  system  - 
DELS  and  AFCS,  in  completion  of  the  HLH-ATC  Task  II  and  III 
recjuiremcnts . 

Tlic  disposit  ion  of  electronic  equipment  pertinent  to  AFCS  in 
the  stand  is  as  foJlows: 

o AFCS  computers,  lOP,  and  Rate  Gyro  units  are  installed  on 
tlie  same  pallets  as  the  DELS  units,  identical  to  the 
aircraft  configuration. 

• Mode  Select,  System  Test  Function,  PCDU,  BITE  and  Failure 
Status,  and  Discrete  Statvis  Panels  are  mounted  on  the 
engineer's  panel  at  the  side  of  the  stand  to  permit  ease 
of  control  and  status  monitoring. 

• The  AFCS  Discrete  Junction  Box  is  mounted  on  Pallet  B 
and  28  '’dc  power  supplies  art  provided  on  the  same  pallet 
for  the  GGE  AFCS  test  set  and  IMU  velocity  simulator  unit, 
identical  to  the  aircraft  configuration. 

• Miscellaneous  control  functions,  synchros,  beep  trim,  mag 
brake,  detents,  AFCS  release,  and  indicators  such  as 
Master  Caution,  AFCS  Warning,  and  AFCS  OFF  are  installed 
at  the  cockpit  station. 

• V/ire  harness  for  AFCS  is  identical  to  the  aircraft  con- 
figuration except  that  some  bundles  do  not  terminate  in 
connectors,  which  are  specifically  for  equipment  not  be- 
ing installed  in  the  stand;  for  example,  PITS,  IMU,  etc. 

The  length  of  wire  cundles  and  separation  of  redundant 
channel  v.'ire  runs  have  bean  naintained  to  appreximate 
the  aircraft  arrangeme  it . 


F.  1 ect  t i fci  1,  [Miwt'i  supfily  I oi  l.ln'  Lt:;l  st.uul  if;  qcncriiLotl  i roin 
a Hol>art  unit  locraLf'd  in  a rt'oin  nij.icont;.  to  t.he  tost  .stand. 

T)ir  s.implc  some*'  supv:>lV'  i--’  split  up  to  rf’presnnt  the  aircraft 
dual  '>js  bar  sy;;tcMn  and  the  bus  control  circuitry  permits 
.siniulat.ed  tailuic.s  cd  i‘i;bc!  Ijuu  arui  {)rovi.ties  <1  represontciti ve 
powoi*  t. ran.s  1 (,u'  i roin  one  L)U.';  to  the  other.  The  power  monitor 
unit  afford:;  ) j lad  cc  L i on  leu  j>l  ■ . i : ; j , iq  , 1 1 nd(u:'/o'/c' r \^oltaqe  and 
frccpu'ncy  v.u  i dion  f)f  t lu.*  sujjpl  y .soiiic't'.  All  contactors, 
rolav:;,  etc.,  are  iciiantical  to  tho.se  uju’^d  in  the  aircraft. 

The  circuit  bii.ikei  paiu  l for  di.stribut.iori  of  powt’r  to  the 
AFtS  compoiu-'iiLs  and  bus  centred  i.s  providea  on  tlie  engineer 
p.anel  at  the  side  of  tlie  test  stand.  The  1 L')/26  Vac  excita- 
tion trails  fcjrmer.':  used  for  lOP  sensor  dcTiiodu  I ation  references 
are  loc'atcd  beliind  the  AFCS  (d.rcuit  breaker  panel.  Single 
source  2d  Vdc  is  supplied  froa.  a T~K  unit  wlu.ch  derives  power 
1 rom  t)u'  laborat.ory  lit  Vac  tO  Ilz  .uipply, 

4.1,4  AFCS  Integration  Tests 

System  i nt.egrat.ion  t»:-st  i ng  v/a;-.  ci.induc tc-f  1 at.  tlie  Boeing  Vertol 
Integration  Test  SLantl  iacility  in  two  phases:  hardware  inte- 
qraticin  tests  and  fliglit  program  ;,uiftware  validation.  The 
major  objectives  of  t.he.sn.:  t.v;o  phases  were  to: 

(1)  b.vai.uate  functioih.ii  peL  formance  of  tiie  major  AFCS  compon- 
ents as  an  integrated  unit  to  insure  compatibility  with 
the  AFCS  Critical  Item  besign  Specification  prior  to 
instaJ  led.  ion  in  the  test  aircraft. 

(21  Fvaluate  the  redundancy  management  system  operation  for 

failures  wliicli  result  in  a loss  of  AFCS  function  to  insure 
that  fail-operational/.safe  conditions  prevail, 

(3)  Develop  simplex  and  triplex  system  software  validation 
fechnitiues  to  provide  sufficient  confidence  in  tlie  flight 
computer  program  tapes  prior  to  installation  in  the  test 
aircraft . 

(4)  Develop  a hardware/sof tw^^re  support  facility  for  all 
activities  resulting  from  flight  test  program  developments. 

Tlie  two  phasf'S  were  eoiiducted  in  series  following  the  equip- 
ment delivery  schedub',  llardv/are  integration  tests  were  con- 
ducted on  tlie  initial  equipment  delivered  and  resulting 
problems  were  relateti  to  the  vendor  to  permit  design  changes 
to  be  ineorporatecl  in  tlie  :u-cond  shipset  of  equipment  prior 
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to  dol ivory.  The  first  ship  sot  was  returned  to  the  vendor 
for  refurbishment,  and  upon  redelivery  was  put  through  a short 
checkout  before  being  shipped  to  the  aircraft  for  installation 
and  subsequent  functional  and  ground  tests.  The  second  ship 
system  was  delivered  to  the  integration  test  stand  to  permit 
completion  of  hardware  integration  tests  and  eventual  triplex 
validation  of  the  first  flight  program  software.  An  interim 
period  was  devoted  to  acceptance  tests  of  the  digital  in-flight 
recording  system. 

Considerable  use  was  made  of  the  AFCS  Test  Set  and  system  test 
tape  during  the  integration  testing.  The  test  tape,  previously 
utilized  during  the  acceptance  tests  at  G.E.,  was  a significant 
tool,  in  conducting  end-to-end  checks  in  evaluating  hardware 
interfaces  from  the  simulated  sensor  inputs  (generated  by  the 
test  set)  to  the  conimandcd  outputs,  and  status  display  infor- 
mation. The  test  tape  provides  a means  of  coupling  lOP  vari- 
able inputs  to  variable  outputs  through  the  computer  with 
unity  gain.  It  further  enables  the  operator  to  control  dis- 
crete inputs  to  outputs  which  is  useful  for  mode  logic  checks. 
In  this  manner,  complete  end-to-end  checks  were  made  without 
the  complications  of  the  flight  program  software. 

4. 1.4.1  Phase  1 - Hardware  Integration  Tests 

The  hardware  integration  tests  encompassed  several  aspects  of 
tlie  AFCS  lOP-computer  subsystem  performance  in  the  triplex 
configuration.  Limitations  of  the  test  stand  facility  with 
regard  to  the  use  of  actual  sensors  did  not  permit  a thorough 
integration  test  of  all  the  wiring  interfaces  that  existed  in 
the  aircraft.  The  following  aspects  of  system  performance 
were  tested. 

Signal  Transmission 

The  tests  of  signal  transmission  were  designed  to  examine  the 
signal  characteristics  at  each  Line  Replacement  Unit  (LRU) 
interface  and  the  processing  of  the  signal  path  through  each 
LRU.  Each  variable  lOP  input/output  was  checked  for  absolute 
range,  polarity,  scaling, and  quantization.  Discretes  were 
checked  for  logic  state  compatibility  with  the  specification,. 
Redundant  channel  tracking  errors  were  determined  using  a 
common  source  input  to  the  three  lOPs,  for  each  variable 
type.  This  provided  a qualitative  assessment  of  signall 
spread  due  to  amplifier  offsets,  1 inearity, and  digital  noise. 
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System  Functional  Operation 

Tests  were  conducted  to  determine  the  system  functional 
integrity  when  operating  in  the  aircraft  environment.  The 
BITE  function  was  designed  to  provide  a preflight  self-test 
capability  to  determine  whether  all  the  voting  and  failure 
monitoring  circuitry  is  operating  properly,  to  reduce  the  risk 
of  undetected  failures  in  flighc.  Operational  checks  on  the 
AFCS-DELS  interface  were  designed  to  check  out  the  transient- 
free  nature  of  engagement  and  disengagement  of  any  or  ail  axes 
of  control,  and  the  inhibiting  of  re-engaging  AFCS  following 
detected  second  system  level  failures  at  the  DELS  interface. 

Redundancy  Management 

The  AFCS  redundancy  management  scheme  is  designed  to  recognize 
the  occurrence  of  a failure,  interpret  its  location,  and  then 
take  the  appropriate  action  to  shut  down  the  part  or  whole  of 
the  system  affected, in  a predetermined  manner.  Also  implied 
is  the  capability  for  proper  signal  selection  for  unilateral 
computations  and  command  outputs  for  flight  control  actuation 
under  normal  and  failed-state  conditions. 

The  tests  conducted  to  demonstrate  specification  compliance  with 
the  redundancy  management  scheme  consisted  of  the  following: 

• Evaluation  of  the  median  value  and  average  value  signal- 
selection  technique  for  triplex  and  duplex  sensor  inputs, 
respectively,  and  subsequent  action  following  first 
sensor  failures. 

• Verify  decoding  of  all  sensor  inputs  (discrete  inputs 
are  lumped  together  and  treated  as  a sensor  input)  and 
the  programming  of  all  sensor  failure  detection 
threshold  levels  and  time  constants. 

• Verify  that  the  system  could  sustain  the  loss  of  any 
single  lOP  and  computer  without  degradation  in 
performance . 

• Verify  appropriate  axes  shutdown  following  selected 
combinations  of  sensor  failures. 
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Modal  Logic  Validation 


Modal  logic  validation  during  Phase  I of  the  integration  tests 
consisted  of  an  end  checkout  of  each  logic  statement,  defined 
in  the  design  specification  document.  It  was  necessary  to 
conduct  these  checks  prior  to  flight  software  validation  since 
the  latter  depended  upon  successful  execution  of  mode  logic  in 
checking  control  loop  functions. 

Prior  to  commencing  logic  checkout,  the  hardware  circuit  im- 
plementation was  checked  against  the  design  specification  for 
correct  translation  of  Boolean  statements  to  NAND  logic  format. 

The  philosophy  adopted  for  each  logic  statement  checkout  was 
io  set  up  the  necessary  inputs  to  obtain  a switching  of  the 
statement  output  to  a true  condition.  The  inputs  were  then 
exercised  to  create  the  output  to  go  to  a false  state.  Once 
each  statement  was  verified,  it  was  then  treated  as  a single 
input  to  a succeeding  logic  statement.  It  was  possible, 
therefore,  to  work  through  each  statement  from  input  to  output 
with  a minimal  number  of  input  operations  having  to  be  set  up. 

This  checkout  utilized  the  system  test  program  tape  as  a tool 
to  manipulate  the  logic  inputs  required  from  the  computer  to 
the  lOP.  The  only  observable  points  available  for  logic 
checkout  were  lOP  discrete  inputs/outputs  and  computer  dis- 
crete input/outputs;  thus,  it  was  only  possible  to  exercise 
the  logic  to  a degree  which  provided  confidence  in  correct 
operation  of  each  mode. 

4. 1.4. 2 Phase  II  - Software  Validation 

The  second  phase  concentrated  on  debug  and  validation  of  the 
flight  program  software  in  two  successive  stages;  namely, 
simplex  and  triplex  mode  of  operation,  to  insure  proper  inter- 
pretation of  the  control  laws  and  logic. 

Prior  to  commencing  the  simplex  software  debug  process,  it  was 
necessary  to  conduct  reviews  of  the  design  specification  base- 
line and  compiled  change  requests  versus  the  algorithm  maps 
and  mode  logic  circuitry  developed  from  the  specification,  to 
check  for  correct  interpretation  and  prograutiming . 

The  simplex  mode  of  operation  consisted  of  an  lOP  Computer 
with  External  Memory  Unit,  Program  Loader  Unit,  Program 
Monitor  Unit,  AFCS  Test  Panel,  and  lOP  J8  Breakout  Panel. 
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This  setup  was  located  in  the  Flight  Controls  laboratory 
alongside  the  Integration  Test  Stand.  System  mode  control  was 
achieved  using  patch  cords  plugged  into  the  J8  breakout  panel. 
The  AFCS  Test  Panel  provided  all  the  necessary  variable  sensor 
inputs  and  discrete  inputs  to  the  lOP  and  permitted  monitoring 
of  all  lOP  outputs.  The  program  loader  unit  permitted  pro- 
gramming modifications  to  the  extc-rnal  core  memory  and  the 
program  monitor  unit  provided  the  operator  with  the  versatili- 
ty of  controlling  tlie  compu taticjns  to  permit  algorithm  readout, 
iteration  by  iteration. 

This  setup  permitted  software  checkout  to  be  conducted  in 
parallel  with  trifjlex  system  hardware  integration  tests  on 
the  second  ship  set.  Later  in  the  fliglrt  test  program,  it 
became  possible  and  more  efficient  to  integrate  this  setup 
into  a single  channel  of  the  triplex  systenv  making  available 
the  use  of  the  Mode  Select,  System  Test  Function,  and  Discrete 
Status  panels.  'IVo  eight-channel  brush  recorders  were  avail- 
able to  record  test  results. 

iTie  software  debug  technique  adopted  was  simply  to  exercise 
the  control  laws  for  each  mode  of  operation  be  it  basic  SCAS, 
Hover  Hold,  etc.,  to  determine  correct  loop  gains,  transfer 
functions,  and  logic  operation  on  an  end-to-end  basis,  working 
from  the  simplest  to  the  most  complex  loop  structure,  using  a 
building  block  concept.  The  hard-wired  mode  logic  had  pre- 
viously been  verified  on  the  triplex  set  so  that  onJy  the 
software  logic  remained  to  be  checked  on  a closed-loop  basis. 

All  programming  problems  identified  were  then  corrected  on 
the  algorithm  maps,  coded  instructions  clianged,  entered  into 
the  program  external  core  memory  via  the  program  loader  unit,  and 
revalidated.  Once  a satisfactory  debug  was  achieved,  a new 
program  tape  was  compiled.  Tape  compilation  was  initially 
conducted  at  the  vemior's  facility  on  a Xerox  Sigma  5 computer 
which  offered  fast  turnaround.  The  VICAP  assembler  program 
was  modified  to  be  compatible  with  tlie  Boeing  Vertol  Hybrid 
Laboratory  360  - Mod  44  computer,  to  provide  an  alternate  tape 
compilation  facility. 

The  next  stage  of  validation  involved  the  triplex  system  mode 
of  operation.  The  four  Read-Only-Memory  (ROM)  boards  for  each 
of  the  tlirec  comouters  were  tiac)i  ini^^ally  f^rased  under  ultra- 
violet light  source  and  then  programmed  in  the  ROM  Programmer 
Unit  with  the  program  tape  information  compiled  at  the  end  of 
the  simplex  debug  process.  ilie  programming  of  the  complete 
set  of  ROM  boards  usually  took  several  hours,  and  since  each 


448 


group  of  three  boards  were  progrcutnned  at  the  same  time  from 
one  source,  a high  degree  of  confidence  was  reached  that  each 
computer  would  receive  identical  programs. 

Triplex  software  validation  offered  a more  thorough,  final 
evaluation  of  the  flight  program  than  could  be  efficiently 
achieved  on  the  simplex  test  setup.  The  fame  test  plan  format 
was  carried  through  from  the  simplex  tests,  which  provided 
baseline  data  to  the  triplex  tests.  The  simplex  validation 
provided  enough  information  to  correct  the  gross  programming 
errors  and,  therefore,  to  minimize  the  nuniber  of  ROM  board 
reprogrcims.  Triplex  testing  extended  simplex  in  the  area  of 
the  PCDU  interface  with  the  flight  program  where  this  could 
not  previously  be  checked. 

The  results  of  triplex  validation  usually  required  one  repro- 
gram, sometimes  twof  however,  it  was  sometimes  necessary  to 
reprogram  a ROM  board  due  to  failure  of  a single  bit  to  pro- 
gram correctly.  This  resulted  in  change  of  the  integrated 
circuit  component,  reprogram, and  validation. 

The  software  test  plan  used  for  the  triplex  validation  was 
designed  for  use  in  completion  of  the  functional  tests  on  the 
demonstrator  aircraft  prior  to  initial  AFCS  flights  where 
telemetered  data  obtained  at  the  aircraft  could  be  compared 
with  that  obtained  in  the  laboratory. 


4 . 2 AIRCRAFT  FUNCTIONAL  AND  GROUND  TESTING 


Ground  testing  was  conducted  to  demonstrate  that  the  integra- 
tion of  the  AFCS  and  the  flight  research  vehicle  was  correctly 
performed  and  that  all  subsystems  within  the  AFCS  were  func- 
tioning satisfactorily.  Testing  was  broken  down  into  the 
following  categories: 


• AFCS  signal  interface 


o AFCS  functional  operation 


<Te8t  Tape 
Flight  Tape 


• RFI/EMC  effects 
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4.2.1  AFCS  SiqnaJ  Int(n' far-i  ■ C'lx  crkL-; 

Electrical  continuity  checks  were  mack;  to  verify  that  Af'CS 
interconnect  wirinq  was  properly  installed.  Checks  consisted 
of  a pin-to-pin  survey  of  <'ach  wire. 

Critical  power  checks  wert?  made  v/ith  ^^ll  AFCS  equipment 
removed.  AFCS  power  busst.^  wore  activated  and  voltages  were 
measured  on  all  power  carrying  pins. 

Interface  compatibility  between  t)ie  lOPs  and  all  command 
inputs,  sensors,  flight  control  system, and  displays  encom- 
passed witlrin  the  definition  of  AFCS  was  checked  using  the 
system  test  program  Tape  #1  in  the  computers.  This  permitted 
complete  end-to-end  chocks  to  bo  made  for  all  types  of  inputs/ 
outputs  v.’ithout  the  comp  i.  ication  of  flight  program  software. 

Four  means  of  checking  si  ,aal  transmission  were  used; 

• AFCS  test  set  inputs 

• LRU  inputs 

• IMU  velocity  simulator  inputs 

• External  voltag"  inputs 

Inputs  to  t)io  lOPs  weic  ooserved  on  either  the  PCDU,  Mode 
Select  panel,  or  status  panels.  Oxatputs  were  observed  at  the 
rocoiv'ing  LRU  lo'^ol  , i.o,,  acti;ator  or  inetei  movement. 

AFCS  Test  Set  Inputs 

Tlie  AFCS  test  set  was  used  to  simulate  sensor  inputs  and  some 
discrete  inputs  to  the  lOP.  A iletai Jed  description  and  use  of 
the  test  sot  is  given  rn  i'en’tion  x . , 2 . 1 . The  PCDU  was  used 
to  verify  that  the  signal  was  received  correctly  into  the  lOP, 

LRU  Inputs 

Tliese  checks  were  accoinpl i.shed  by  either  initiating  a discrete 
input  at  one  of  several  LRUs  anti  observing  transmission  at  the 
proper  Algo  time  at  tlxo  I’CDU,  or  hv  observing  discrete  outputs 
via  annunciator  lights  at  tlie  different  LRUs. 
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The  emphasis  on  discrete  input/output  checks  concerned  itself 
with  checking  the  interface  between  the  lOP  and  the  remaining 
LRUi;.  Discrete  checks  between  the  lOPs  and  FCCs  were  not 
felly  addressed  since  these  were  done  during  integration 
test  stand  checkout.  Wire-by-wire  continuity  checks  were  made 
on  tlie  aircraft  between  the  lOPs  and  FCCs  and  it  was  felt  that 
this  was  sufiicient  to  assure  proper  transmission  without 
duplicating  checks  done  previously, 

IMU  Velocity  Simulator  Inputs 

The  IMU  velocity  simulator  was  used  to  check  the  serial- 
dj.gital  signals  to  both  lOPs.  The  required  velocity  was  set 
up  in  binary  format,  with  the  appropriate  sign  and  odd  parity 
by  the  toggle  switches. 

External  Volt age  Inputs 

Where  it  was  not  possible  to  use  the  test  equipment  or  LRU 
responses,  an  external  voltage  source  was  used  to  verify 
proper  signal  transmission.  This  was  primarily  for  discrete 
signal  checks. 

4.2.2  AFCS  Functional  Operation 

AFCS  functional  operation  was  checked  initial]'/  using  the 
system  test  tape  and  then  with  an  actual  flight  tape  loaded 
in  the  computers.  Tests  in  this  area  ranged  from  lanual 
operatio7i  cf  switches  selecting  specific  functions  to  system 
semi-automatic  and  fully  automatic  functions  dependent  upon 
certain  input  states.  Wide  use  was  made  of  the  AT^S  test  set 
during  this  activity.  The  system  functronal  tests  were  per- 
formed on  ground  power  first,  t.ien  on  aircraft  power. 

Checks  consisted  of; 

• Proper  functioning  of  sensors  - range,  polarity  tracking, 
and  self-test  features. 

<ft  Pilot's  controls  with  AFCS  and  DELS  engaged  - emergency 
disengage,  DELS  reversion  to  mechanical  backup,  mag 
brake  operation,  beep>  trim  operation,  and  cyclic  controls 
in  and  out  of  detent. 
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• System  engage/disengago  - checked  connitions  to  permit 
engagement,  single  and  m.ultiplc  axis  engagements,  mannal 
and  automatic  shutdown. 

• tiCCe  inputs  - range,  polarity,  force  and  breakout 
gradients,  and  brake  operation. 

« Fliglit  control  interface  (DELS,  Speed  Trim,  CCDA)  - 
AFCS  second- fail  override  by  DELS,  BITE,  inhibit  auto 
reversion  of  DELS  to  MBU  with  AFCS  on,  inhibit  of 
command  signals  to  speed  trim.. 

• BITE  panel  function  - lamp  test,  arm  light,  throttle 
quad  and  emergency  disengage  inhibit.  Lest  select  of 
channels  A,  B,  C,  and  system  and  operation  of  BITE 
following  test  fail  or  test  pass. 

• Parameter  change/display  unit  ~ lamp  test,  display  and 
change  capability,  parameter  change  enable/disable, 
clear  data,  status  lights,  group  and  channel  selection. 

• System  test  function  panel  - test  input  (axis,  amplitude, 
direction,  location,  type,  excitation,  gust  input)  and 
axis  enable  operation. 

• Mode  Select  panel  functions  - engage  AI^CS,  engagement 
of  selectable  modes,  selection  of  velocity  reference 
and  decay  function,  operation  of  fault  res-Jt,  selection 
of  altitude  hold  eference. 

• Failure  and  discrete  sta' us  panels  - lamp  tests, 
exercise  modal  and  failure  logic.  Observation  of 
panels  was  made  during  entire  system  functional  time. 

• Pilot  displays  - operation  of  t'liglit  director,  grousKl 
velocity  indicator,  master  caution  and  annunciator 
panels,  including  flasher  group,  and  axis  select  panel. 

• Redundancy  Management  shocks  - sonsor/discret e input 
failure  detection,  loss  or  transfer  of  power,  l(-ss  of 
cable  interconntreti  on , sensor  .signal  selection  and 
computation,  .system,  .shutdown  and  disengagement,  and  lOP/ 
computer  hardware  failure  detection  and  monitoring 
(implicitly  exeii-.ised  dv.’i  ing  BITi:  clu'ck). 
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4.2.3 


HFI/EMC  Checks 


RI'l/E?'iC  testing  of  the  A.FCS  was  conducted  on  the  ground  with 
engines  runni.  , but  rotors  unbladed,  to  eliminate  the  possi- 
bility of  rotcr/fuselage  interference  in  the  case  of  an 
extraneous  input  into  the  controls. 

'riie  objective  of  tli  -sc  checks  were: 

a iO  establish  that  the  various  components  within  the  AFCS 
complex  are  matuaily  compatible. 

• To  establish  the  level  of  electromagnetic  compatibility 
between  the  AFCS,  tlu  DELS,  and  the  basic  aircraft  system. 

Cliecks  included  the  functioning  of  all  electronic/electrical 
equipment  associated  with  tb.e  basic  aircraft  and  observing  the 
effects  on  the  AFCS  due  to  RL^I.  Similar  cliccks  were  made  with 
the  flight  test  instrumentation.  In  turn,  the  AFCS  \/as  op- 
erated to  determine  tlic  effects  on  the  basic  aircraft  systems 
and  DELS.  No  adverse  effects  on  AFCS,  DELS,  or  other  aircraft 
systems  were  noted. 

4.2,4  Preflight  Procedures 

During  ground  checkout,  procedures  were  develoned  for  pre- 
flight checkout  of  the  AFC.S  and  the  supporting  equipmen*'  tc 
assure  flight  readiness.  Procedures  for  DELS  checkout  ^ere 
as  used  during  TASK  II  flight  testing.  The  AFCS  preflight, 
checks  wljicli  art'  detailed  ui  Api'endi.<  S of  Reference  11 
cover  tlie  f i-;''!  1 owi  ncj  artMs: 
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AFC.S  Init,  !.il  Setup  and  Power  Cliotrks 
I'l  T,ipe  loenti  f ication  Verifi  cation 

Al'CS  BI'I’K  Clieck;; 

Sonr.oj-  Oieck;. 

Dificrete  Sicjnal  Checks 
i-.ngage,^Di .scng.ige  v.'hi -ck s 
Sr/. stem  Test  Function,  t'an.,! 
rX’CC  Check., 

Mi  .sct'l  1 anetnis  Clieck:. 

Speed  Tr'iiii  Clieck s 

i:x*ciii<il  Load  Calili  Tension  and  Angle  Sensors 
PoVv't.-r  Down  ;a>qutirv;:e 
Aircr<ift  1-  l ight  Lin:'  v’hcck:. 
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0 IN-FLIGHT  EVALUATION  OF  AFCS  C0NT-10L  LAWS 


The  Task  III  fligl'.t  test  evaluation  of  the  HLH/A'PC  AFCS  and 
associated  systems  was  conducted  on  a modified  CH-47  helicop- 
tau'  l:)etween  Maich  27  and  October  30,  1074.  Aircraft  test 

conf  itiviration.s , <'qui  pment , fli<jht  lotjs  and  test  reports, 
t'')c7etiier  witli  pilot  conclusions  .ind  recoinniendations  are 
df'tailed  in  Reference  11,  HLH/ATC  flight  Controls  Controls 
Ground  and  Flight  Test  R.i'port.  Oiuintitativc  data,  with  appro- 
priate analysis,  i.s  includefi  in  t.liis  section,  covorir.  j handlinc) 
qualiti<ns  adiieved  for  eacli  mode  of  ARCS  operation.  Key  pro- 
blems that,  required  syr;tcm  reoe  f i nit  ion  during  testing  are 
included.  Pilot  I'atings  from  Reference  11  are  contained  in 
data  presentation. 

5 . 1 objectives 

'Che  objective  of  the  flight  program  was  to  demonstrate  that 
the  AFCS,  as  de.signed  through  analysis,  provided  aircraft 
handling  qualities  compatible  with  the  HLII  operational  mission 
requirements.  From  the  pilot  station,  this  means  all-weather 
Il'K  capability  wiDi  external  lv>a'.ls.  The  load-cor  trollin'! 
crewman,  on  the  otlicr  hand,  requires  a precise  control  capa- 
bility for  icg.iid  load  accjiri  .sit  i on  i,ir  i deposit.  The  repetitive 
nature  an<i  short  m.’ssion  t.imes  a.ssociated  with  cargo  transfer 
mnplies  the.-;  helicopter  must  !;<'  <.-asy  to  fly  with  minimal  work- 
load from  citlier  station  d.e.,  Cooper  ratings  better  than 
1 1 ) . Sj.)t!ci  1 j objectives  for  each  mode  are  reported  in 
Section  2.0. 

5 . 2 FLIGHT  TESTING 

7.2,  ; IV 'Sj Vc’h  i c-l  e 

Th<‘  Mof-inq  Mtjdel  347,  l-'jqure  1*^1,  was  used  to  develop  and  dem— 
onstrtiLe  tlu'  JILli  handi.iruj  c;u.  1 1 i t i es  . A retractal^le  capsule 
was  rn.stcillei  to  .simulatf  the  HLli  load  controlling  crewman 
•statjcin.  Th<-  .station  wa.s  ocrj  i {ijied  witli  the  prototype  finger/ 
ball  eont  ro  1 I «'r  and  ni.-ee.s.sa  r v'  ntodc;  .sivleet  panels.  A two-point 
•su.spen;;  1 on  .sy.‘'.tem  is  i neorpor  at  i 'd  . for  lijad  acqi  isition 
(MJIjVA.N),  a tf.ip  Jilt  tulaptcr  wit.h  i-einoL"  I/’C  controllc-d  loi’k- 
r ng  iiKs'liani  sm  was  available-. 

resting  Was  I -oixParted  .it  an  li.-oraiL  v,'.cii)lit  ol  3H,000  poi.uuJs 
with  load  'wciipits  i.in<iiiig  1 i oin  4H0n  pouiids  (empty  MILV/iN)  to 
HOOO  poiin.ls.  SI  1 Mg  length;;  oi  In,  in,  Ui,  and  S'j  ietiL  wei.t- 


used  with  tostinq  concentrated  at  10-  and  30-foot  lenqth.s. 
Testinq  v/itli  cables  longer  tlian  3u  fee*'  was  limited  due  to 
load  interference  with  t!\e  radar  altimeter  during  longi tuii  nai 
motions.  Development  fliglits  were  flown  between  April  anci 
October  of  1974,  followed  by  customer  demonstrations  in  Ncjvcmi- 
bor.  'IVo  U.  S.  Army  Preliminary  Evaluations  v/cre  conducted 
during  the  developmental  pliasc". 

'3 .3.2  Program  Sequence 

AFCS  flight  testing  was  accomplished  in  a sequential  manner 
using  four  software  program  phases  as  shown  below.  Area  of 
concentration  is  noted  together  with  approximate  flight  time. 


X - 

0- 

Mode  Available 
Concentrated  Testing 

Mode  Availability 

AFCS  Mode 

Tape  1 

Tape  2A 

Tape 

2B 

Tape  3 

Basic  SCAS 

S 

X 

X 

X 

Altitude  Hold 

X 

X 

X 

X 

Hover  Trim 

X 

X 

X 

X 

Hover  Hold 

0 

E 

Load  Stabilization 

X 

X 

Automatic  Approach 
to  Hover 

0 

Reprograms 

2 

4 

3 

4 

Flight  Hours 

36 

40 

64 

24 

'iliirteen  reprograms  of  the  basic  four  tapes  were  necessary 
to  accommodate  parameter  changes  and  system  redefinitions. 
Computer  capacity  limitations  prohibited  incorporation  of 
all  modes  on  one  tape.  Army  Preliminary  Evaluations  used 
Tapofi  2A-4 , 2B-3,  and  3-4. 
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5 . 3 FLIGHT  DEVELOPMENT  RESULTS 


Flight  results  are  presented  below  for  each  ^FCS  mode.  Data 
are  included  covering  acceptable  and  problem  areas  (both 
resolved  and  unresolved),  pilot  ratings,  and  simulator  test 
comparisons.  Recommendations  covering  problem  areas  are  made 
at  time  of  discussion. 

5.3,1  Basic  SCAS 

The  basic  SCAS  operation  was  evaluated  throughout  the  flight 
envelope  and  included  assessments  of  dynamic  and  static  sta- 
bility, controllability,  and  velocity  reference  mode 
switching. 

5.  3.1.1  Dynairaic  Stability 

Dynamic  stability  evaluations  were  performed  by  injecting 
pulses  and  steps  into  tlie  flight  controls  by  means  of  the  AFCS 
i Test  Funct.ion  Panel  controls  (differential  pulses  and  parallel 

steps) , and  also  by  manual  inputs  by  the  pilot.  High  levels 
of  damping  v/ere  achieved  under  all  test  configurations  as 

shown  on  Figures  144  to  152.  The  following  table  Identifies 
each  figure  with  test  configuration. 


Axis 

Flover 

Transition 

40  to  80  Kn 

i 

Longitudinal 

Figure  144 

Figure  146 

Figure  150 

Lateral 

Figure  145 

Figure  147 

Figure  151 

Directional 

Figure  148 

Figure  152 

i 

I 

Figure  149 

Figure  153 

Dynamic  stability  in  all  axes  was  very  good  with  a pilot 
Cooper-FIarper  rating  of  A-1.5.  Damping  augmentation  in  the 
vertical  axis  was  found  to  be  unnecessary  because  of  high 
inherent  damping  of  the  basic  airframe.  TTie  method  of  incor- 
porating damping  augmentation  also  deteriorated  vortical  con- 
trol response.  A pseudo-rate  signal  was  formed  by  1 igging 
vertical  acceleration.  la  addition,  a weishout  was  incorpor- 
ated to  eliminate  steady  accelerations.  response  to  a step 
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of  collective  waL  init  ially  wivll  clam^x.'d , but  t.he  c:liml,)  rate 
W(.nild  continually  incre.ise  as  acceler.it  i on  was  washed  out. 
i'he  washcjut  and  laqMcal  vert.ica]  .ica’eloration  ]oOi>  was  cliniin- 
i.ited  (iui.Mnq  testinu  of  Tajx'  1,  thereby  relyinij  totally  on  the 
bas  i c a i r era  f t daiiipi  nq . 

h . .3 . 1 . 2 t. . i t i c S t ab i.  .1  i ty 

tttat.ic  1 oniii  tudi  nal  and  1 .i t(M:a  1 /di rect iona  1 tests  were  cem- 
ducted  in  level  fliqht,  turns,  climbs,  partial  po'wer  descents, 
and  autcrotation.  C;r;trol  trim  qradients  and  qroundsjieed, 
airspeed,  bank  anqlc',  and  headinq  hold  characteristics  were 
I i s s (:!  sued. 

Lonq  1,  t ud  i na  , lateral  and  directional  control  (jradient  auqmen- 
tation  perl  ormed  very  .Siitis  factor  i ly . Trim  control  variations 
w’lth  speed  were  as  predretoai.  ria  ri.qnificant  latero.l-direc* -• 
Lonaj  inputs  are  roquired.  As  (■xamples,  a longitudinal 
accelerat  ion  from  hover  and  decel  e rai ti.on  back  to  hover  is 
shown  in  Tiqure  1‘14. 

Airspeed  hold  above  100  knots  was  exci'llent  (A~l)  in  both 
sLaLulized  and  man  “uveriri'j  flight.  Airspeed  recovery  was 
ovaluatevl  by  inputting  a di  fferentidl  longitudinal  step  as 
illustreitod  in  Figures  150  and  I'dl  at;  130  knots  and  Figures 
157  .1)1(1  1 58  at.  (0  knots.  The  high  static  airsp>eod  gain  is 
observi'd  wherein  only  5 knots  of.  ni  rsi;eed  resulted  from  the 
1-in.  d i f f c i' ( 'll  t i.il  stc'p,  Aiispf'od  recovi'ry  for  manual  step  and 
•'Ct  urn  input;s  sh.iwn  in  I'igures  159,  IGO,  and  10  1 exhibit  similar 
good  fccove)'/.  /cirsp'oed  hold  duriin!  turn  entry  and  recovery 
is  iiresented  in  Fi'iures  102  and  lOi.  Apnroxim.itely  10  knots 
were  gai.iu’d  in  u ri(jht  turn  iind  G knots  lost  in  a left  turn. 
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FIGURE  04.  (sheet  Z) 

..ONGITUOIMAL  ACCELERATION  H DECELERATION 
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60  KNOTS 


crossfeed  into  the  longitudinal  AFCS  was  programmed  to  improve 
this  on  an  experimental  basis.  Initial  pitch  motio  ' 
was  suppressed  indicating  that  this  approach  would  work. 

However,  a washout  was  in  the  program  ceusing  the  airspeed 
gain  to  eventually  result. 

REC  OMMENDATION 


Airspeed  Hold  in  Turns  (60  to  80  Knots)  - Incorporate  a bank 
angle  crossfeed  into  the  longitudinal  axis,  scheduled  with 
airspeed  to  compensate  for  airspeed  deviations. 

The  simulator-defined  airopeed  gain  was  increased  in  the 
flight  program  by  32  percent  between  45  and  120  knots,  and  by 
22  percent  at  higher  spee<as. 

Groundspeed  Hold  below  45  knots  was  acceptable  for  normal 
hover  and  lew  speed  maneuvering  (A-3) . The  velocity  feedback 
gains  were  too  low  and  stick  gradients  too  high,  however,  to 
enable  the  pilot  to  precisely  acquire  and  maintain  a zero 
velocity  trim  for  holding  position  during  cargo  operations 
(A-4) . This  was  anticipated  from  earlier  simulation  studies  - 
Section  2.1. 3.1. 3.  The  longitudinal  groundspeed  gain  was 
increased  by  60  percent  and  lateral  pickoff  gain  was  reduced  by 
50  percent  during  the  flight  testing  to  reduce  longitudinal  con- 
trol sensitivity  to  80  ft/sec/in.  from  130  ft/sec/ in.  and  lateral 
sensitivity  to  50  ft/sec/in.  from  90  ft/sec/in.  Trimmability  im- 
proved significantly.  Further  sensitivity  test  reductions  proved 
increasingly  beneficial.  However,  the  higher  hover  hold  gains 
(6  X Basic  SCAS)  and  very  low  sensitivities  (l/25th  of  Basic 
SCAS)  proved  near  optimum  for  meeting  these  requirements. 

Primary  control  sensitivity  shaping,  as  suggested  in  Section 
2, 1,3. 1,3,  is  required  to  provide  this  and  was  not  success- 
fully developed  by  analysis  in  the  time  available.  An  alternate 
solution  is  recommended  for  the  HLH. 

RECOMMENDATION 


Pilot  Control  in  Hover  Hold  Mode  - Provide  the  pilot  a vernier 
velocity  control  capadcility  through  stick  beep  trim  when  the 
hover  hold  mode  is  engaged.  In  addition,  incorporate  a pilot 
override  capability  of  ary  individual  axis  when  on  h )ver  hold. 
This  permits  larger  position  change  maneuvers  on  Basic  SCAS 
without  disengaging  all  hover  hold  axes. 


Bank  angle  and  heading  hold  stability  was  satisfactory  over 
the  complete  envelope  (AI. 5) * 

5. 3. 1.3  Controllability 

Aircraft  response  to  primary  control  and  beep  trim  inputs  was 
evaluated  during  hover,  transition, and  forward  flight. 

Approach  and  departure  maneuvers,  including  roll-on  landings 
eind  running  takeoffs,  were  conducted. 

"Beep"  trim  was  acceptable  in  longitudinal  and  lateral  control 
(a1  to  1.5);  however,  the  desirability  of  a variable  rate  beep 
trim  control  in  lieu  of  fixed  rate  control  was  indicated.  The 
present  compromised  gain  is  too  high  for  vernier  beep  inputs 
in  hover,  and  too  low  for  "beep  and  hold"  inputs  used  to 
change  speed  or  conduct  turn  maneuver  in  cruise.  Directional 
beep  trim  control  operated  acceptably.  It  was  judged  to  be 
unnecessary  in  the  Model  347  aircraft  due  to  good  pedal  con- 
trol characteristics  of  the  augmented  aircraft,.  Note  that 
the  lateral  beep  in  forward  flight  is  initially  parallel, 
reflecting  the  limited  bank  angle  lateral  stick  gradient, 
and  then  differential. 

Maneuverability  characteristics  demonstrated  in  longitudinal 
accelerations  and  deceleration's , pedal  fixed  coordinated 
turns,  and  sideslips,  etc.,  were  excellent  (Al  to  1.5). 

Data  from  a longitudinal  acceleration  between  hover  and  90 
knots,  and  deceleration  back  to  hover.  Figure  154,  demon Jtrat- 
es  low  control  activity  requirement. 

A significant  problem  occurred  during  level  flight  rapid 
deceleration  maneuvers  using  high  nose  up  attitudes.  The 
AFCS/DELS  interface  authority  was  bottomed  at  approximately 
30  knots  and  required  pilot  stability  inputs  tn  complete 
the  maneuver. 

In  the  original  simulator  design,  the  attitude,  velocity, 
and  stick  pickoff  summation  was  limited  to  2-1/2  inches  of 
equivalent  forward  stick,  which  is  the  jame  limit  as  existed 
in  the  DELS  interface.  As  the  aircraft  decelerated  through 
30  knots,  more  than  2-1/2  inches  of  forward  AFCS  was  required 
to  maintain  pitch  attitude  and  tbo  pilot  had  to  come  forward 
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with  tlie  control.  'I’liis  is  can.stxi  by  rotor  intcri'erence . The 
combincci  cfloc't  of  hiqh  no.sc-up  attitude  and  stic'k  pickoff 
saturated  tlie  AFCS  authority.  As  thc'  aircraft  furtlier  decel- 
erates, tlie  rotor  i nter  t orcMico  sutrsides  and  the  aircraft 
rapidly  pitches  down.  I’iti-ii  dainpinq  aucjnientation  wa.s  not 
immediately  av.i  liable  as  ttie  A]\'S  output  was  saturated.  A 
rapid  aft  pilot  input  was  re<]ui  rod  to  stabilize  attitude. 

The  system  was  modified  allowinq  only  1-1/2  inches  of  authority 
to  att.itudo,  vi'locity  and  fiickoft  summation.  'Phis  insured 
1 inch  of  pitcli  rate  damping  auliiority  availaijlc  at  all 
times  but  the  resultin')  maneuver  was  satisfactory. 


'Pile  hiqii  forward  trim  autliority  requirement  prohibited  a 
hands-off  rapid  deceleration  and  represented  a change  in 
liandling  qualities  through  tlris  rc'gimo. 

RECOMMENDATION 

Hands-off  Stoop  Flare  Control  1 abi 1 i ty  - Incorporate  a parallel 
stick  backdrive  command  to  provide  additional  attitude  sta- 
bilization when  the  AFCS/L>EL.S  interface  is  approaching 
.saturation . 


The  limited  bank  angle  lateral  stick  gradient  (security 
blanket)  offered  improved  trirnmability  about  zero  bank  angle, 
as  well  as  a control- free  return  to  "wing  level"  trim. 

Security  blanket  "return  to  wing  level"  operation  is  seen  in 
Figures  168  and  169  and  170  and  171  for  60  and  130 
knots.  The  simulator-defined  limited  attitude  limiter  was 
symmetric,  using  ±0.5  in.  for  10  degrees  of  bank  angle.  This 
was  first  clianged  lO.""'  in.  for  5 degrees  of  bank  to  provide 
a more  rapid  rollout.  In  addition,  tlie  basic  aircraft 
required  approximately  0.1  in.  of  left  lateral  control  to 
stabilize  in  a left  or  right  bank.  This  resiilted  in  a trim 
requirement  of  0.6  in.  for  left  turns  and  0.4  in.  for  right 
turns.  Release  of  controls  caused  a slower  rollout  from  the 
right.  The  atritude  limiter  was  then  made  assymetric;  0.5  in. 
of  equivalent  right  stick  (left  turi’.s)  and  0.675  degree  of 
equivalent  left  stick  (right  turns)  to  balance  rollout  rate. 

Thc;  forward- fl ight  Furn  maneuvers  arc  accomplislied  with  cyclic 
stick  only.  (Note  Fitjures  168-171)  . Pedal  inputs  are 
not  r';quired  for  turn  c'oordinat ion . Forward  flight  pedal 
responses  are  predominately  sideslip  as  shown  earlier  in 

5.3.1.!. 
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A pedal  response  in  hover  shows  a rapid  yaw  rate  rise  time. 
When  the  ped.  1 is  returned  to  trim,  the  aircraft  slowly 
decelerates  to  zero  yaw  rate,  wherein  heading  lock  is  engaged. 
The  yaw  rate  feedback  on  SCAS  was  increased  in  flight  to  be 
compatible  with  that  required  for  hover  hold.  This  necessita- 
ted an  increase  in  pedal  pickoff  gain  to  maintain  yaw  rate 
sensitivity. 

Takeoff  and  landing  maneuvers  were  accomplished  routinely 
with  no  transients.  The  original  landing  logic  switched  the 
system  into  an  airspeed  mode  upon  touchdown,  which  created  a 
bias  error;  the  stick  would  trim  forward  if  not  constrained 
by  the  pilot.  This  was  modified  to  eliminate  mode  transfer 
on  touchdown  (Section  2.1„3.1.4.) 

5. 3. 1.4  Velocity  Mode  Transfer  Switching 

The  automatic  transfer  between  ground-referenced  IMU  veloci- 
ties below  45  knots,  and  airspeed  reference  (or  vice  versa) 
was  thoroughly  checked  by  performing  straight  and  turning 
acceleration  and  deceleration  maneuvers  in  different  effect- 
ive wind  conditions. 

For  most  maneuvers,  including  combined  longitudinal/lateral 
accelerations,  velocity  reference  transfer  was  transient  free 
and  bias  elimination  through  control  backdrive  generally  went 
undetected  by  the  pilot  (A2  to  2.5).  However,  during  accel- 
erations wherein  steep  turns  were  initiated  just  prior  to 
velocity  reference  switchover,  the  lateral  bias  magnitude  was 
sufficiently  large  to  exceed  available  AFCS/DELS  authority 
limits,  making  retrim  difficult  (U-7) . This  problem  is  shown 
on  Figure  172.  Due  to  the  lateral  AFCS  saturation  (1-1/2  in.), 
the  pilot  must  trim  the  aircraft  out  with  1-1/2  in.  of  pilot 
control  in  the  opposite  direction.  However,  the  bank  angle/ 
roll  rate  stabilization  is  ineffective  as  AFCS  has  bottomed. 
Thus,  when  bias  elimination  begins  to  occur,  the  stick  is 
moved  w’ithout  compensating  AFCS  change  and  the  aircraft  rolls, 
requiring  retrim.  Eventually,  the  bias  gets  small  enough  to 
permit  retrim  with  bank  angle  hold  working  and  bias  elimina- 
tion proceeds  normally. 
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RECOMMENDATION 


Velocity  Mode  Transfer  Switch  - Incorporate  a limit  on  tha 
output  of  the  lateral  velocity  transfer  switch  to  provide  AFCS 
control  margin  for  damping.  Revise  logic  to  inhibit  lateral 
velocity  mode  transfer  until  bias  magnitude  is  below  a pre- 
selected value. 

5. 3. 1.5  Force  Feel  System 

The  347  helicopter  was  equipped  with  a "fixed"  control  force- 
feel  system,  consisting  of  breakout  forces,  linear  gradients, 
and  viscous  damping.  Cnaracteristics  are  plotted  on  Figure 
173.  In  the  ATC  flight  tests  covering  all  areas  of  HLH  flight 
operations,  there  was  no  indication  of  any  shortcoming  in  the 
fixed  force-feel  system;  nor  did  there  appear  to  be  much  po- 
tential for  significant  improvement  in  handling  qualities 
with  a programmable  force-feel  system.  The  zero  groundspeed 
trimmability  on  Basic  SCAS  may  benefit  from  force  changes; 
however,  a much  better  capability  will  be  provided  through 
the  hover  hold  mode. 

RECOMMENDATION 

Force-Feel  System  - Eliminate  programmable  force  feel  from  the 
HLH  requirements. 

5.3.2  .Altitude  Hold 

5. 3. 2.1  Barometric  Reference 

Reasonable  altitude  hold  characteristics  were  realized  on 
barometric  reference  (A-2) . During  level  flight,  altitude 
was  held  to  within  +10  feet,  as  shown  in  a typical  60-knot 
time  history  in  Figure  174  . Also  evident  in  the  figure  are 
small  continuovisly  varying  collective  changes  to  maintain 
altitude  in  turbulent  air.  These,  together  with  associated 
power  fluctuations,  were  very  undesirable. 

RECOMMENDATION 

Provide  barometric  altitude  hold  in  cruise  through  the  longi- 
tudinal AFCS  by  prograiTuni  ng  small  attitude  and  airspeed 
corrections,  and  retain  collective  pitch  programming  for 
long-term  trimming  only. 


493 


figure  173.  347/ATC  DEMONSTRATOR  FORCE-FEEL  CHARACTERISTICS 
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FIGURE  174. 

BAROMETRIC  ALTITUDE  HOLD  PERFORMANCE 
STRAIGHT  a LEVEL  FLIGHT 
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Altiliui(.'  holii  in  c-limbs;  ancJ  descents  are  £i}io\>m  in 

Kiqiire.s  175  to  178.  Enqaqements  are  smooth  with  an  altitude 
overshoot  ot  ap[>roKima tely  1 foot  for  every  lO-foot-per-minute 
cliinl)  or  descent  rale. 

Altitude  hold  per forrncince  durinq  turn  entries  anrl  recoveries 
are  presented  in  Figures  179  to  18  2 Approximately  AO  feet  were 
lost  during  3{)-d('gree  bank  turns  and  required  about  20  sec- 
onds to  recovf'r.  Sixty  feet  v/ere  then  gained  during  rollout. 
Tliis  was  considered  excessive.  .Mtitude  qe^in  could  not  be 
increased  without  increasing  the  level  flight  torque 
fluctuations . 

REC  OMMEND AT ION 

Coniploment  baro  altitude  witli  vertical  acceleration,  allowing 
liigher  low  frequency  baro  gains.  Consider  using  direct  bank 
angle  feed  into  collective  to  provide  the  bank  turn 
requi rement . 

Altatudc;  hold  at  the  higher  speeds  was  similar  except  that 
transmission  overtorque  by  automatic  collective  pitch  drive 
occurred  when  operating  near  torque  limits  (A-5) . Test  pilot 
monitor  and  collective  override  maintained  acceptable  limits 
in  tlie  ATC  test  program. 


RECOMMENDATION 

Evaluate  the  requirement  for  and  methods  of  limiting  dynamic 
system  overtorque  in  turn  maneuvers  and  heavy  load  acquisi- 
tion with  altitude  hold  on. 

5 . 3 . 2 , 2 Radar  Reference 

Altitude  hold  in  the  hover  rettion  on  radar  reference  was 
acceptable  when  the  sensor  was  performing  satisfactorily  (AI ) , 
but  was  substiint  i a 1 ly  diwjraded  during  flight  over  grass  due  to 
frec.Jucnt  sensor  noise  spikes.  A significant  mod i f icat ic;n  was 
required  to  the  s imii  1 a t i on-desi  gnt  d vertical  axis  due  to  this 
problem, as  discussed  in  Section  2. 1.3.4.  A typical  perform- 
ance over  concrete  is  seen  in  F'igure  183,  wherein  radar  rate 
and  altitude  signals  show  much  liic)hcr  frecjuency  content  than 
the  precision  liover  altitude  from  the  laser  system.  Hold  per- 
formance is  discussed  in  deta.Ll  under  Hover  Hold. 
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Figure  184  illustrates  the  type  of  radar  altimeter  signal  gen- 
erated over  grass.  It  consists  of  almost  continuous  1.33  Hz 
oscillation  with  an  average  amplitude  of  1.3  feet.  Also, 
there  are  random  spikes  of  from.  5 to  10  feet.  The  radar  rate 
signal  is  obtained  by  differentiating  the  altitude  signal, 
and  therefore,  it  is  also  very  noisy.  For  example,  the  large 
radar  altitude  spike, which  occurs  at  approximately  11  seconds, 
generates  a 6.5  ft/sec  change  in  radar  rate.  This  would  re- 
quire a vertical  acceleration  of  approximately  .41  g. 

The  problem  was  minimized  by  filtering  the  radar  altitude 
signal  with  a 1-second  lag  (T2]^2'  generating  a com- 

plementary vortical  rate  as  discussed  in  Section  2. 1.3.4. 

RECOMMENDATION 

Noise  Spikes  - Incorporate  software  modifications  to  compen- 
sate for  signal  deficiencies  or  improve  existing  sensor  o^ 
'•eplace  with  new  sensor. 

Since  the  radar  altitude  signal  was  generated  by  a single 
sensor,  redundancy  management  could  not  be  utilized  to  detect 
sensor  failures.  Therefore,  any  sensor  failure  transients 
are  fed  directly  to  the  AFCS.  This  is  extremely  hazardous, 
especially  for  a hardover  type  failure  near  the  ground  or 
;iuring  load  handling  operations  (U-8)  . 

The  effect  of  such  a hardover  failure  was  investigated  by 
injecting  r radar  altimeter  test  signal  into  the  system.  Tlie 
system  response  is  shown  on  Figure  185.  The  test  signal  used 
consists  of  a 1-second,  100-foot  radar  altitude  pulse.  The 
radar  altitude  and  radar  rate  sign.jl.s  consist  oi  tlie  test 
input  and  the  actual  aircraft  response.  Ttie  vertical  AFCS 
output  is  driven  liardover  almcust  instantaneou.sl  y . Since  tlie 
AFC.5  IE  saturated,  the  vertical  axj  is  operating  open  loop 
and  the  air<7raft  response  is  equivalent  to  tlie  unaugmented 
aircraft.  The  aircraft  response  to  such  an  input  would  cause 
the  aircraft  to  descend  5 feet  in  approximately  1 second. 

This  can  be  very  dangerous,  especially  wlien  the  aircraft  is 
in  close  proximity  to  tlie  load  and  ground  crewman. 
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RECOMMENDATION 


Radar  Altimeter  Failure  - Incorporate  vertical  axis  frequency 
splitter  and  complementary  altitude  filtering.  Consider  use 
of  redundant  sensor. 

Radar  altitude  pcrfoimance  with  an  external  load  was  unsatis- 
factory for  cable  lengths  of  approximately  50  feet  or  longer. 
Load  interference  with  the  radar  beam  during  large  amplitude 
longitudinal  swings  caused  heavy  vertical  deviations  (U-8) . 
This  was  particularly  objectionable  on  Hover  Hold  Mode  as 
barometric  reference  could  not  be  used. 

RECOMMENDATION 

External  Load  Interference  - Incorporate  barometric  signal 
selection  capability  on  hover  hold  or^  reconfigure  hardware  to 
solve  problem?  e.g.,  consider  dual  sensors,  one  forward  and 
one  aft,wit}i  appropriate  software  logic  to  determine  signal 
val idity . 

In  forward  flight  below  200  feet  altitude,  sharp  movements  of 
the  collective  were  created  in  an  attempt  to  follow  the  ter- 
rain contour. 

RECOMMENDATION 

Provide  an  airspeed  interlock  for  the  automatic  altitude  hold 
sensor  logic  to  inhibit  autom<'itic  selection  of  radar  altitude 
above  50  knots. 

5.  3.2.3  Automatic  Daro/Radar  Reference  Switching 

Tr<insition.s  through  the  200-foot  switch  point  were  accom- 
plishecJ  with  no  apparent  transients  (A-2)  . 

5.3,3  Hover  Trim 

The  Hover  Trim  mode,  designed  to  automatically  fly  the  air- 
craft to  zero  IMU  groundspeod  from  any  flight  configuration, 
was  evaluated  under  several  initial  conditions.  A typical 
transition  from  forward  flight  initiation  at  130  knots 
showed  that  aircraft  deceleration  was  mild;  however,  collect- 
ive control  input  on  barometric  altitude  hold  was  not  quick 
enough  to  maintain  zero  rate  of  descent  as  helicopter 
airspeed  was  reduced  below  speed  for 
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rniiuirmm  power.  This  put.  the  aircraft  in  an  uncomfortable 
df'sccnu  rate  at  low  airspeed  Ijcfore  altitude  loss  was  ar- 
rested. The  capability  to  initiate  at  high  speed  offered  no 
significant  mission  enhancement. 

Engagements  at  low  groundspecds  (below  40  knots) 
were  judged  useful  for  trinuning  the  aircraft  to  a hover  when 
used  in  conjunction  with  radar  altitude  hold.  System  gains 
compromised  for  high-.sp(.-ed  cngagemei\ts  were  low  and  produced 
a very  slew  trim  rate  and,  of  course,  any  IMU  drift  wa.s 
reflected  in  the  final  trim  con<tition  (.i\-5)  . No  optimization 
was  done  on  this  mode.  Manual  trimming  was  relatively  easy, 
liov;ever,  and  the  mode  docs  not  appear  warranted.  One  i eature 
it  does  provide  that  was  noticed  by  the  pilot  is  a pseudo- 
position hold  if  engaged  when  IMU  drift  is  zero.  The  integral 
velocity  feedbacks  not  present  on  Basic  SCAS  are  the  reason. 
However,  the  Hover  Held  mode  provides  a much  t.ighter  hold  and 
can  be  drift  cleared  to  absolute  zero. 

L) . 3 . 4 Hover  Hold  Mode  and  Load-Controlling  Crewman 

5 . 3 . 4 . 1 General 

The  load-controlling  crewman  uses  the  Hover  Hold  mod«  to  pre- 
cisely control  or  maintain  helicopter  velocity  and/or  posi- 
tion. Flight  test  results  for  two  s’ub-modes  of  operation  - 
Velocity  Hold  (IMU/Radar)  and  Position  Hold  (Precision  Ho^'cl' 
Sensor)  are  presented.  Aircraft  position  hold  data  is 
included  to  compare  position  accuracy  of  different  AFCS  con- 
trol modes.  Comparisons  between  flight  test  results  and 
simulation  data  are  included. 

The  initial  AFCS  mechanization  obtained  through  simulation 
wa.s  generally  found  to  be  acceptable  except  for  the  vertical 
axis.  Poor  vortical  hold  perforrujnee  due  to  "noise"  spiking 
cjf  tlie  radar  rato/altitude  signal.s  necessitated  a redesign  of 
ulie  \'ertical  axis  during  the  fli<j}it  te.st  program.  (Note 
Section  2 . 1 . 3 . 1 . 3 . ) 

A comparison  of  Hover  Hold  parameters  defined  by  simulation 
and  flight  testing  is  pi  est'nted  in  Table  25.  Maximum  LCC  load 
shuttle  velocity  commands  ranging  from  13.5  to  15  ft/sec  were 
satisfactory  (A-2).  In  the  lateral  and  longitudinal  axe.*^ , 
howove>r,  an  increase  to  20  ft/sec,  would  be  desirable.  The 
maximum  vertical  velocity  c:ontrol  was  reduced  from  0.0  to 
t . 0 ft/sec  and  dire*ctional  yaw  rate  was  increased  from  S.O  to 
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9.0  deg/sec.  I.icrcased  LCC  coiranand  lags  in  three  axes  were 
al53o  found  to  be  beneficJal  for  the  precision  load  placoinont 
task,  since  there  v'as  less  tendency  to  overcontrol  and  excitr' 
tlie  load.  Without  an  external  load,  the  small  lag  time  con- 
stants defined  during  the  simulation  offered  a more  optirauni 
aircraft  longitudinal  and  Lateral  velocity  response. 

5 . ,'i . 4 . 2 Velocity  Hold  (IMU/Radar) 

Longitudinal  and  lateral  hover  hold  velocity  gains  were  re- 
duced to  improve  aircraft  ride  qualities  and  soften  response 
for  load  operations.  Higher  gains  (longitudinal  3.0  degrees 
LC p/ft /sec,  lateral  1.1  in.  6g/ft/sec)  were  evaluated  and 
found  to  have  acceptable  stability.  No  degradation  of  hover 
hold  performance  with  the  lov/er  velocity  gain  settings  was 
evident  to  the  pilot.  Higher  yaw  rate  and  heading  gains  were 
desirable  for  a tighter  heading  hold  when  making  maneuvers  in 
other  a.xe3.  Heading,  velocity,  and  altitude  hold  were  rated 
as  A1.5  by  pilot. 

The-  nonlinear  velocity  command  function  relationships  for  all 
axes  are  shown  on  Figures  186  thru  189.  Simulation  and  final 
flight  test  configurations  are  defined  for  comparison.  The 
lateral  nonlinear  velocity  command  function  (Figure  187)  as 
well  as  uhe  longitudinal  was  changed  for  precise  load  maneu- 
vering to  reduce  velocity  sensitivity  for  small  controller 
inputs  and  to  minimize  load  disturbances.  The  lateral  velocity 
control  sensitivity  was  reduced  much  more  than  the  longitudi- 
nal in  the  small  controller  ti-avel  region  (Figure  190). Blend- 
ing from  low  sensitivity  to  the  maximum  shuttle  velocity 
resulted  in  a rapid  r"te  of  change  in  sensitivity.  This  I'atc-:; 
of  change  was  particu  ai'ly  objectionable  when  large  trim 
inpu's  to  offset  lateral  IMU  drifts  were  required.  A larger 
lateral  controller  travel  or  capability  to  select  either  a 
high-  or  low-gain  LCC  velocity  command  function  is  required. 

'ITie  dual-gain  method,  one  for  shuttle  maneuvers  and  one  foi 
load  placement,  is  represented  by  the  first  and  third  flight 
test  configurations  in  Figure  187. This  method  will  be  incor- 
porated into  the  HLH  prototype  due  to  the  cost  of  increasing 
LCC  controller  travels. 

Start  and  completion  of  the  drift-clear  sequence  required  an 
on/off  comir.and  by  the  LCC.  Early  release  of  the  drift-clear 
button  prior  to  zero  velocity  command  from  the  controller 
would  cause  an  aircraft  transient  and  induce  a small  drift 
(rated  A~4) . A repeat  of  the  drift-clear  process  was  often 
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FIGURE  188. LCC  VERTICAL  VELOCITY  COMMAND  RELATIONSHIP 


FIGURE  189.  LCC  DIRECTIONAL  VELOCITY  COMMAND  RELATIONSHIP 
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requirod  to  obtain  a good  velocity  triir.,  particularly  in  the 
]ateral  axis  with  its  rapid  rate  of  change  of  velocity  sensi- 
tivity. The  HLH  procedure  will  be  simplified  to  require  only 
initiation  by  tlie  J/IC . Logic  will  control  the  remainder  of 
tlie  drift-clear  sequence. 

The  velocity  response  to  maximum  LCC  longitudinal  and  lateral 
controller  inputs  is  presented  in  Figures  191  and  192.  Both 
]ongitudinal  and  lateral  responses  show  an  initial  linear 
acceleration  of  1.7  ft/sec^  and  smooth  deceleration  to  tlie 
commanded  velocity.  No  intcraxis  coupling  is  evident  from 
the  data.  With  maximum  longitudinal  velocity  coiranand 
(15  ft/sec)  the  aircraft  did  not  drift  off  its  zero  lateral 
velocity  reference  by  more  than  0.5  ft/sec.  The  lateral 
response  time  history  shows  the  same  trend  with  regard  to 
longitudinal  velocity.  Longitudinal  velocity  response  was 
attained  with  very  small  pitch  attitude  deviation  (less  than 
0.5  degrees)  from  trim  condition.  However,  the  lateral  ve- 
locity response  required  roll  attitude  change  v/hich  creates  a 
lateral  load  disturbance.  Heading  generally  held  to  within 
1.0  degree  for  velocity  command  inputs  in  other  axes,  while 
altitude  hold  was  maintained  to  within  2.0  feet.  Longitudinal 
control  response  and  sensitivity  was  rated  A1.5,and  lateral  was 
rated  A-4,  indicating  furtlier  development  is  required  to 
achieve  precision  load  positioning  objectives. 

The  LCC  directional  response  is  shown  in  Figure  193.  A heading 
turn  is  executed  througli  180  degrees  frcim  a headwind  to  a 
tailwind  condition.  Wind  conditions  for  this  flight  were 
reported  to  bo  steady  at  12  knots,  gushing  to  20  knots.  The 
aircraft  performed  the  9.0  deg/sec  yaw  rate  turn  with  a maxi- 
mum longitudinal  drift  of  2.0  ft/s('C  and  lateral  drift  c:)f 
1.2  ft/sec.  Botli  velocities  r<;turned  to  near  zero  trim  when 
tlio  turn  was  completed.  Directional  ro.sponse  and  sensitivity 
was  rated  A1.5.  The  directiona]  turn  respon.se  ilat.a  presonteci 
in  Fig,  19  3 was  obtained  with  fiiglier  tlian  normal  backdrivc 
gains  from  the  loncji  tudinal  and  lateriil  velocity  error  sig- 
nal;-.. The  velocity  error  integral  coiraramis  backdrive  thi; 
cockpit  controls  for  trim  compensation.  Higher  gains  w<.;re 
beneficial  during  turns  in  winds,  since  long-term  saturation 
of  the  velocrity  errvir  limiters  was  prevented.  Saturation  of 
the  velocitv'  error  limiters  caused  liigher  aircraft  velocity 
drift  and  momentary  lo3.s  of  LCC  control  in  tliat  axis. 

Fig,  19  4 shows  a.iotlier  IkZIC  tiirectional  turn  with  lower  Irack- 
drive  gams  optimized  for  normal  hover  hold  operation.  A 
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180-degroo  heading  turn,  similar  to  that  shown  on  Figure  193, 
resulted  in  considerably  more  longitudinal  and  lateral  veloci- 
ty drift  and  saturation  of  the  velocity  conunand  limiters.  Tlie 
HLH  directional  AFCS  will  incorporate  logic  to  increase  the 
backdrive  gains  when  a turn  is  commanded  by  the  IjCC  , but 
otherwise  tlie  gains  will  be  normally  at  a lower  value. 

A maximum  vertical  re.sponse  commanded  by  the  LCC  is  shown  on 
Figure  195.  A vertical  velocity  overshoot  abo^^e  the  maximum 
6.0  ft/sec  steady  state  rate  of  climb  is  caused  by  the  paral- 
lel backdriven  cockpit  control.  If  the  LCC  control  were  left 
in  for  a longer  period  of  time,  the  aircreift  would  achieve  a 
6.0  ft/sec  vertical  rate  of  climb.  The  parallel  backdrive 
gain  from  vertical  velocity  error  was  increased  to  overcome 
inherent  aircraft  vertical  dampiiiq,  particularly  in  the 
ground  effect  region,  and  to  permit  rapid  load  pickup.  Logic 
was  also  added  to  switch  on  the  backdrive  command  only  when 
the  LCC  commands  a vertical  velocity.  Figure  195  shows  that 
longitudinal  and  lateral  velocities  were  less  than  0.75  ft/sec 
during  the  vertical  climb,  and  the  maximum  heading  deviation 
from  trim  was  0.5  degrees.  Vertical  control  response  and 
sensitivity  w'as  rated  A1 . 5 . 

The  final  radar  altitude  hold  configuration  was  acceptable 
with  peak  altitude  excursions  of  around  2.5  feet  in  a hands- 
off  hover.  The  LCC  was  able  to  effectively  compensate  for 
the  vertical  excursions  due  to  radar  spikes  or  (justs  during 
load  operations.  The  HLH  Prototype  will  have  radar  altitude 
complemented  witli  vertical  acceleration  to  form  a hybrid 
altitude  reference.  A low  crossover  frequency  (0.1  rad/sec) 
will  provide  mud',  ir.ore  attenuation  of  radar  altitude  spikes, 
allowing  an  altitude  gain  increase  to  obtain  performance 
similar  to  PHS  operation  on  tlic  347  helicopter. 

5. 3.4. 3 Position  Hold  (Precision  Hover  Sensor) 

Position  hold  performance  using  PHS  velocity  and  position 
signals  was  evaluated  over  a prepared  target  area  to  assure 
good  position  lock  and  assess  feasibility.  Position  gains 
were  reduced  as  shown  on  Table  25  for  compatibility  with  the 
lower  velocity  (IMU/Radar)  hold  mode.  Stability  and  position 
hold  characteristics  were  evaluated  hy  in.serting  AFCS  single 
axis  differential  pulses  or  steps  from  a cockpit  test  function 
panel.  Army  Preliminary  Evaluation  (Flight  No.  828)  datci 
records  allowing  aircraft  response  to  differential  control 
inputs  are  summarised  below. 
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POSITION  HOLD  DATA  SUMMARY 
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Aircraft  positron  data  shc'w.;;  the  longitudinal  and  vertical 
position  hold  per formancf ■ U-  be  tighter  than  lateral. 

Lateral  position  devi atic  rir.  from  the  position  zero  reference 
were  larger  and  more  f requent, wi th  peak  excursions  in  some 
cases  ranging  from  1.0  to  2.0  feet.  This  can  be  seen  on 
Figures  196  and  200  through  203.  Longitudinal  and  lateral 
position  changes  resulting  from  relatively  large  longitudinal 
and  lateral  cyclic  pitch  control  inputs  (Figures  196,  198, 

201,  and  204)  were  not  much  larger  than  those  obtained  during 
normal  position  hold  stabilization  and  were  often  difficult  to 
detect  by  the  LCC.  Differential  collective  pitch  pulses  or 
steps  (Figures  197  and  202)  caused  a 3.0-degree  pitch  attitude 
transient  and  resultant  longitudinal  position  change  that  was 
corrected  through  longitudinal,  cyclic  pitch  (LCP)  . Vertical 
axis  (collective  pitch)  differential  test  inputs  resulted  in 
larger  vertical  displacements  from  the  trim  reference,  espec- 
ially for  the  large  magnitude  input  (1.5  inch  equivalent 
cockpit  control).  The  vei'tical  motion  was  easier  to  detect 
by  the  LCC  and  often  resulted  in  sensor  unlock.  Figure  199 
shows  a rmall  and  large  magnitude  "up  pulse"  firoe  history 
response  where  the  sensor  unlocked  in  both  cases  and  establish- 
ed a new  vertical  position  reference.  Aircraft  vertical 
response  to  down  pulses  is  presented  in  Figure  200.  The  first 
pulse  (0.5  inch  equivalent  cockpit  control)  did  not  cause  a 
sensor  unlock.  Vertical  response  uo  the  second  larger  down 
pulse  was  well  damped  and  returned  quiclcly  to  its  initia.'’. 
vertical  trim  position.  A sensor  unlock  cycle  occurred  for 
an  unknown  reason,  but  could  not  be  detected  by  the  LCC  since 
the  unlock  and  relock  happened  when  the  aircraft  po.jition  was 
near  the  initial  reference  condition.  Aircraft  response  to  a 
new  vertical  position  resulted  wlxen  a small  magnitude  vertical 
step  (8.0  second  duration)  was  commanded  in  the  up  direction 
(Figure  203).  The  response  was  well  damped  and  the  sensor  did 
not  unlock.  Large  magnit.-de  step  inputs  (1.5  inch)  could  not 
be  inserted  without  causing  an  unlock/relock  PHS  cycle  due  to 
vertical  motion.  The  lateral  AFCS  differential  command 
signals  shown  on  Figures  198  and  204  exhibited  a lightly  damped 
1.0  cycle/second  oscillation  not  evident  to  tne  pilot.  Thus 
lateral  mode  was  more  critical  with  an  externa,  xoad  as  dis- 
cussed under  load  stabilization  test  results. 

The  ability  of  the  LCC  to  maneuver  the  aircraft  to  a new  po- 
sition is  shown  fn  Figure  205.  A single-axis  longitudinal 
maneuver  17  feet  forward  and  32  feet  aft  is  accomplished  with 
a "creep"  velocity  of  about  4.0  ft/sec.  Time  periods  of 
transfer  between  either  PHS  or  IMU/Radar  velocities  are 
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FIGURE  196. 

AIRCRAFT  RESPONSE  TO  AFCS  LONGITUDINAL  (LCP)  DIFFERENTIAL  PULSE 


FIGURE  197. 

AIRCRAFT  RESPONSE  TO  AFCS  LONGITUDINAL  (DCP)  DIFFERENTIAL  PULSE 


FIGURE  199- 

AIRCRAFT  RESPONSE  TO  AFCS  VERTICAL  DIFFERENTIAL  PULSE 


FIGURE  200. 

AIRCRAFT  RESPONSE  TO  AFC S VERTICAL  DIFFERENTIAL  PULSE 


FiSURE  203 

fclRCRAF’  response  TO  AFCS  VERTiCAl  DIFFERENTIAL  STEP 
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indicatoci . Lateral  and  vertical  PflS  pD.siticin  rc' fcronces 
shifted  O.d  fd'ct  loft  arid  11.1  I’eor.  down,  respecd.ivoly , di.rino 
the  maneuver.  Position  stability  and  .".ynoh  ron  i za  t:  ic;n  cycles 
due  to  PHS  1 o(.’k/un lock  or  LCC  cronti'oller  (.vunmandn  are  shown 
lor  each  axis.  While  niancuverinq  aft,  a small  lateral  con- 
troller command  caused  lateral  position  synclironi  zat.ion  and 
(irift  to  the  left.  Creep  maneuver.s  on  PHG  exhibited  occa- 
sional small  transients  due  to  p>osition  loop  syn< -h  i.  on  i xa  1 Lon  . 
Automatic  drift  clearinq  of  the  IMU  durirup  [.position  stabili- 
Ziition  was  a hiqlily  df'sirablc'  feat\ire. 

5.  3.4.4  Position  Hold  Cornpvar  isons 

-kircraft  positional  hold  accuracy  was  measured  by  photocjraph- 
ing  tlie  bottom  of  the  aircraft  with  a fixed  focal  length, 

70  mm  camera  fixed  to  the  qround.  Markinqs  of  known  dimen- 
sions were  patterned  on  tliC  bottom  of  the  aircraft  allowing 
film  data  reduction  for  all  motion  variables.  Photoqraphy 
and  data  reduction  were  provided  by  personnel  from  the  Naval 
Air  Development  Conte-r,  Johnsville,  Pa.  Data  from  2-:ninutefo 
runs  were  read  at  five  timef.-  a second,  RMS  position  data  com- 
puted, and  horizontal  plane  data  combined  to  form  Circular 
Error  Probabj lities  (50-percent  probability  of  being  within 
circle  of  radius  - CEP) . 

Hands  off  position  hold  with  PHS  oporatiru^  ( F i u r 2 0 6) 
resulted  in  a CF3P  in  tlie  lateral  and  lojigitudi  nai  axis  ^,'i  on)  y 
4.0  to  (>.8  incfies  depending  on  turbulence  level.  Position 
data  is  shown  for  a 3-socond  sample  rate.  The  ) ong  i tud  ina  ].  axis 
hold  was  approximately  twice  as  good  as  iatoral.  Vorti.cal 
position  varied  from  2.5  to  4.3  inchc!S  RMS,  and  hcadiricj  lu-ld 
withi.n  0.4  degree  RMS.  An  aircraft,  altitude  of  40  ft.'et.  w.u; 
used  for  tiie  test. 

Similar  dat.i  (Figure  207)  was  obtained  without  the  l-HS  operat- 
ing and  the  LCC  in  the  loop  to  provide  the  positional  correc- 
tions required.  CEP's  in  the  lateral  and  longitudinal  plane 
vary  from  14.9  to  17.3  incfies  for  the  same  wind  conditions. 
Vertical  and  heading  deviations  of  It.  .2  inches  and  0.32  degree 
RMS  resulted. 

A comparison  of  he.'!. icopter  position  hold  accuracy  for  ttio  two 
hover  hold  .sub-modes  of  operation  is  given  in  Figure  208.  The 
position  hold  data,  also  shown  ir  Fiaures  206  and  207,  were 
obtained  from  Flight  812  wi  tti  the  stronger  wind,  turbulence 
level.  The  position  liold  capability,  as  measured  in  terms  of 


HELICOPTER  POSITION  HOLD  DATA  WITH  PRECISION  HOVER  SENSOR 


VELOCITY  HOLD(IMU)  VS  POSITION  HOLD  (PHS) 


CEP  shows  t;iat  the  automatic  position  hold  mode  using  the  PHS 
was  better  than  the  velocity  hold  mode  by  a factor  of  2.5. 

RliS  position  data  was  also  computed  for  the  longitudinal  and 
lateral  axes,  as  well  as  vertical  <and  heading.  A complete 
summary  of  the  iielicoptcr  position  data  is  given  in  Table  27. 

Vertical  hold  performance  with  PUS  was  much  bettor  and  is 
reflected  by  the  higher  position  gain  (factor  of  3.0)  shown 
in  Table  25.  Higlior  radar  altitude  gains  on  the  velocity  hold 
mode  could  not  be  used  without  increasing  vertical  excursions 
due  to  radar  altitude  spikes. 

Data  taken  from  Flight  812  with  pilot  in  control  on  basic  SCAS 
showed  CEP’s  near  4 feet  (Figure  209).  The  hold  performance  by 
the  LCC  on  hover  hold  is  significantly  better  than  the  pilot 
on  SCAS  due  to  improved  visibility  and  velocity  hold  gains 
which  are  six  times  higher.  Table  28  presents  the  comparison 
between  basic  SCAS  and  Hover  Hold  velocity  gains  normalized 
to  linear  acceleration  per  unit  change  in  linear  velocity. 

Even  though  very  good  position  hold  capability  could  be  at- 
tained with  the  LCC  in  the  loop,  the  requirement  for  LCC 
corrections  to  hold  position  and  to  drift-clear  the  velocity 
reference  to  compensate  for  inherent  IMU  drift  is  shown  by 
Figure  210.  The  data  taken  from  Flight  795  was  for  a hands-off 
hover  under  mild  turbulence  after  the  LCC  had  trimmed  the  air- 
craft to  zero  velocity  and  performed  a drift  clear.  During 
the  next  75  seconds,  the  aircraft  drifted  as  much  as  1.4  feet 
in  the  longit\idinal  direction,  and  4.0  feet  laterally. 

The  validity  of  the  position  hold  results  obtained  on  the 
simulator  is  illustrated  on  Figure  211.  Flight  test  position 
hold  CEP  data  are  superimposed  on  earlier  simulation  data  for 
a position  hold  task  using  the  automatic  position  hold,  higli 
gain  velocity,  and  basic  SCAS  modes.  Excellent  trend  correla- 
tion between  flight  and  simulation  data  is  evident  with  the 
simulation  being  somewhat  optimistic.  This  is  due  in  part  to 
the  higher  simulation  gains  on  position  and  velocity  hold 
modes  as  noted  previously  (Table  25) . The  better  simulator 
performance  on  Basic  SCAS  is  due  primarily  to  better  visual 
information  available  (position  tracking  scope)  than  that 
in  flight. 
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FIGURE  210. 

VELOCITY  KOLDMOOE(IMU) 


FIGURE  211 

POSITION  HOLD  TASK  - COMPARISON  OF  SIMULATION  AND  FLIGHT  TEST  DATA 


5.3.5  Load  Stabilization  System 


5. 3. 5.1  Load./Cable  Configurations  and  Test  Conditions 

3. 3. 5. 1.1  Confi  j'  . itions 

Several  cable  lengths  were  used  during  the  LSS  flight  testing 
to  obtain  load  handling  information  as  a function  of  cable 
length.  The  cable  lengths  were: 

• 10-foot  inverted  vee  (11  feet  forward  and  9 feet  aft) 

• 20-foot  inverted  vee 

e 3c  feet  formed  by  10-fO'  vee  with  20-foot  riser 

• 55  feet  formed  by  10-foot  vee  with  45-foot  riser 

Complete  sling  configuration  details  are  contained  in 
Reference  11.  The  evaluation  with  the  55-foot  cables  was  very 
brief  since  the  lord  interfered  with  the  radar  altimeter  when 
it  swung  longitudinally  on  these  long  cables.  The  10-foot 
cables  were  used  for  forward  flight  and  were  the  primary  con- 
figuration for  load  positioning  using  the  hover  hold  mode. 

This  is  representative  of  the  best  HLH  configuration  for  load 
control.  Load  positioning  was  also  r>er formed  with  the  30-foot 
cables;  however,  this  configuration  was  used  prj.marily  to 
evaluate  load  position  hold  and  aircraft/load  centering.  Tlie 
30-foot  cables  are  representative  of  the  HLH  requirement  for 
confined  area  maneuvering.  While  tha  above  cables  were  usO'l 
as  a two-point  suspension  system,  a 30-foot  (tcLal  vertical 
length)  single  point  trolley  suspension  witn  a high  density 
load  was  evaluated  in  hover  and  forward  flight. 

An  8 X 0 X 20-foot  MILVAM  which  weighs  4 , GOO  pounds  empty  was 
tlie  primar'j  load.  Becautie'  of  the  tost  aircraft's  gross  weight 
limit,  only  a relatively  small  range  of  load  weigiits  were 
evaluated;  from  the  e.mpty  MILVAN  without  a top  auaptar  (4,  GOO 
pounds)  to  high  density  Kirksite  block.s  (8,000  pounds).  Tlie 
li.ad  weight  was  5,800  pounds  (empty  MILVAN  with  adapter)  ftjr 
most  of  the  flight  evaluation. 

5. 3. 5. 1.2  Test  Conditions 

A wide  ranae  of  fliglit.  conditions  and  load  liundiing  tasks 
were-  evaluated,  including  load  eicqursi  tion,  shuttling,  posi  - 
tion liold,  and  positioning.  'birns,  sideslips,  climbs,  and 
descents  were  performed  in  fox'ward  f i igsit  and  the  loaii  was 
flown  to  tlie  power-limited  maximum  air-speed.  Both  VFR  and 
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simulated  IFR  departures  and  approaches  were  performed.  Load 
damping  and  handling  were  evaluated  for  all  AFCS  modes  of 
operation  including  the  three  LSS  sub-modes;  damping,  position 
hold,  and  centering.  The  majority  of  testing  was  concentrated  on 
load  operations  v/j.th  Hover  Hold  mode. 

5.3. 5.2  Load  Damping  Evaluations 

5.3. 5.2.1  Damping  Measurements 

Load  damping  and  frequency  were  measured  for  all  cable  con- 
figurations and  modes  by  swinging  the  load  axis  by  axis.  It 
was  found  chat  AFCS  pulses  and  LCC  inputs  were  generally 
inadequate  for  producing  good  load  swings  to  measure  damping 
so  the  cockpit  pilot  provided  the  load  excitation  in  most 
cases.  In  some  cases,  large  amplitude  swings  were  produced 
by  jifting  the  load  off  the  ground  with  the  aircraft  offset 
relative  to  the  load.  Some  representative  time  histories  are 
shown  as  noted  below  where  LSS-off  cases  are  superimposed  on 
the  LSS-on  cases. 


FIGURE 

EXCITATION  AXIS 

AFCS  1 

MODE 

— 

CABLE  LENGra 

212 

Longitudinal 

Hover 

Hold 

30  Feet 

213 

Lateral 

Hover 

Hold 

30  Feet 

214 

Directional 

Hover 

Hold 

30  Feet 

215 

Longitudinal 

Ba.sic 

SCAS 

- 60 

kn 

10  Feet 

216 

Lateral 

Basic 

SCAS 

- 60 

kn 

10  Feet 

The  increased  damping,  an(-  ecreased  sectling  time,  provided 
automatically  by  the  LSS,  can  be  seen.  Tlie  associated  air- 
craft attitude  response  and  AFCS  differential  input  to  the 
aircraft  are  included  in  these  time  histories.  LSS  damping 
contributions  were  rated  as  good  by  pilo^  (A-3  to  A-4) . 

The  damp,  ng  results  are  sunrunar ii:ed  by  the  following  figures. 
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LOAD  STABiUZATION  OH  - FLIGHT  35!  RECORO  5 

— —LOAD  ST&eiLlZATiON  OFF  - FLI6HT  854  REC0R04 


I 


TIME  (SECONDS) 

iGURE?!2,  LONGITUDINAL  LOAD  STABi LlZATiON  SYSTEM- HOVER  HOLD 


TERAL  LOAD  STABILIZATION  SYSTEM  - HOVER  HOLD 


FIGURE  215 

LOAD  STARILiZATICN  SYSTEM  - LONGITUOINAU  RESPONSE  - FORWARD  FLIGHT-  BASIC  SCAS 


FIG. 

A/S 

MODE 

LOAD 

SUSPENSION 
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MILVAN 
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10  ft  to  55  ft 
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Frequency 
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Damping 

10  ft  to  55  ft 

221 
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10  ft  to  55  ft 
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222 
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Damping 
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ITwo  Point  10  ft 

T 1/2 

224 
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MILVAN 
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IVo  Point  10  ft 

kn 

Frequency 

225 

0 to  90 

SCAS/Hover 

High 

Trolley  30  ft 

Hold 

Density 

The  measured 

damping  ratio  spread 

shown  reflects  some  uncer- 

tainty  in  measurements  and  lack  o'  precise  repeatability 
For  several  cases,  the  damping  ratio  is  shown  as  being 
greater  than  25  percent  critical  because  the  exact  damping 
ratio  becomes  less  certain  and  less  important  above  che  25 
percent  level.  The  20-  ard  55 -foot  cable  configurations  wore 
evaluated  initially  and  very  briefly  so  the  LSS--on  results 
for  these  configurations  do  not  benefit  from  the  final  system 
improvements.  It  is  anticipated  that  the  LCS-on  damping  for 
these  cable  lengtlis  could  bo  increased  if  some  parameter  varia- 
tions were  made. 

TIto  LSS  significantly  increases  the  load  damfo.ng  in  almost  all 
coses,  particularly  when  the  liasjic  damping  is  low.  The  load 
is  basically  stable,  i.e.,  at  lecist  neutrally  damped,  in  all 
cases  and  well  damped  in  a few  cases  with  the  LSS  off.  The 
dashed  lines  represent  the  MIL-H-850iA  IFR  minimum  damping 
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r uU'  qna  l .it  i('.s  w.i:;  not  s i tjn  i f i (-.int , part  icn  1 ar l.y  when  the 
lx:a(i  wa;;  not:  hi'inq  juj rjK va*  1 y I'xeilcd.  In  'I'.q^le  29,  the  peak 
pi.  lot-ohf.orvod  liruMC  ,ieei' I ci  aL  i on;,  and  a.i  rcraf't  attitude 
(•xr’r, ' ic:)tis  ar  t;  coitiparcrl  f or  load  '.win<p;  w.i  th  the  LSS  on  and 
oft  . Aj:  C'xpootod,  tin'  aJri-r.ift  t;xen  r;;  i on:; , wlrilt,'  t.lu'  LSK  is 
dainpinq  tfu-  load,  are  ;iO,i!!i('wliat.  1 artp'r  than  tlio.st'  witli  the  LSS 
off.  A]  t.  ('r  tin'  LSS  has  damped  tho  load,  the  c.'xcu  rs  ion:3  are 
•substant.f .al  1 V'  le;;';  th.»n  wln'ii  tin-  load  .i.s  sw.iiiqinq  with  the  LSS 
off  . Tliis  can  .il:;o  In'  ot):a'i  ved  on  the  time  hi;;torie.s  sliown 
prf'vaoxnrly  (.Fitpires  212  to  216). 

6 . ,1  . f . 2 . 3 In-Fiiqiit  Systf'in  Sol  i neim'nt;,; 

'i’he  ffriiii  AFCS  con  f .i  qurat.ion  block  diaqram;:  arc  sliown  in 
Section  4.  Wliilc  the  LSS  struct’are  i.s  almost  identical  to 
that  developed  analytically,  :;everal  parameter  valufis  were 
(.'haiKjed  to  achieve'  improvi'd  damping  levels  for  tlie  test  con- 
fiqurations.  Since  the  <ina  lytical  desiqn  was  performed  only 
for  20-  and  'ib-foot  cal.)los,  extrapolation  of  de.sign  parameter 
values  wa;:  m.cos.sai-y  for  Llie  Ih-  and  3()-foot  flight  test  con- 
f iijur  at  i oas  . Tlii.s,  in  t.urn,  rei.iui  red  some  small  in-fli(.jht 
parametfu'  atlj  us  f merits  . In  addrt.  ic.m , th.e  final  SCAS  and  Hover 
Hold  parametc-r.s  wc'in'  somewhal.  <,lif  fcTenl  than  those  u.sed 
i.tarinq  LSS  analysis. 

Tin.-  tc'st  develojH'd  paraiiicl  ers  are  compared  with  analytical 
data  in  Taliic'  30.  'I'he  only  ;;i  qni  f i cant  1 y laiap'  load  damjriing 
)..iaramet('r  (.:hancp..-  wa.s  KXCAl  --  ( 1 < .mq it nd i na J damping  loop  gain 
on  Basic  SC'AS)  v.'hich  wa;;  reduci'd  !>'/  (>0  pc.'ia.'ent  Tlieic  was 
more  ba:;.ie  dircct.ion.il  lo.vl  motion  in  liovtn  t.liafi  anticipated 
'vv'ith  t.  no  J()~!oof  i nverl  ed--V  ;;  ir.q -'ons  i on  . The  best  damping  of 
‘..ills  modi'  was  old.iined  usinu  a learl-lag  shapini)  ( TN 1 u/'l.'N  I '1 ) to 
pi  o’.ridc-  ;;ome  pha;;i'  ad'r.iiK.'c . 

Itxce;;;-,  i ve  aircrait  idta-iiinq  o-'currcfl  in  response  to  afl  AFCS 
1 oriqi  ti'.di  n.a  1 eyelie  input;;.  Con;;oquen  I 1 y , ;i  term  '.s'as  addr-d  l.o 
t!ie  1 ( ar.q  i t lid  1 ;i,i  1 y\FCS  ill!  f c-rr'iif  i a 1 col  ieetive  inpiut  a.s  .a  lunc- 
l-ion  r.>f  t.c.itai  <"/(•!  w inj^.il  fc>  eompensti te  1 oi  LIu'  pitching  hub 
moment  gi.-neisited  !r,'  i<  ngituiiiiial  eyelic  dc-i  .i  vat  i ve)  . 

Till;;  pro'rided  a mneh  oi-tti'i  longitudinal  r(.';;;r)Ofi;;i'  t-O  IjSS 
irinul.s,  .i:,  wel!  a;:  t.o  oilier'  Al-'CS  oyc'lie 


Initially,  the  aircraft  exhibited  a high  frequency  (1  Hz) 
small  amplitude  rol 1 limit  cycle  with  the  load  and  hover  hold 
mode  on.  This  limit  cycle, which  was  perceptible  to  the  pilot, 
appeared  essentially  independent  of  the  LSS . The  high  lateral 
liover  hold  gains  left  a .smaller  than  predicted  gain  margin  for 
the  roll  mode  even  without  a load.  Aircraft  lateral  control 
power,  and  therefore  AFCS  loop  gains,  increases  with  an  exter- 
nal load.  It  was  reduced  to  an  insignificant  amplitude  by 
reducing  the  roll  stabilization  gains  (rate,  attitude,  lateral 
velcjcity)  by  20  percent.  However,  this  indicates  that  these 
gains  (or  at  least  one  of  these  gains)  will  Iiave  to  be  further 
reduced  with  heavier  loads.  Gain  scheduling  with  load  weight 
is  included  on  HLIl, 

A related  limit  cycle  problem  was  found  with  the  30-  and  55- 
foot  inverted  Y configurations  in  which  the  load  would  roll 
about  its  longitudinal  axis  at  the  same  frequency  as  the 
residual  aircraft  roll  limit  cycle.  This  problem  was  ampli- 
fied by  a factor  of  1.2  by  the  LSS  since  the  load  hooks  were 
oscillating  relative  to  the  gravity  vector.  While  time  did 
not  permit  further  investigation  to  reduce  the  limit  cycle 
level,  the  following  changes  would  most  likely  eliminate  tlie 
problem . 

• Slinij  load  in  a manner  to  eliminate  load  rolling  tendency 

• Furtlier  reduce  roll  stabilization  gains 

• i'urth.er  reduce  LSS  gain  at  limit  cycle  frequency 

5.  3.').  3 Load  Position  Hold  Evaluations 
5 . . 5 . 3 . 1 Load  Position  Hold 

'Die  accuracy  wi  tli  which  th<-  load's  position  can  be  held  rela- 
tive to  tlie  ground  wa.s  measured  using  a precision  photographic 
tc-cliniciue  supplied  by  NADC . Tliis  was  done  for  the  follow!  nt? 
.systc'm  mode  build-up  to  measure  the  .improvement  afforded  by 
(■acti  mode. 

Hover  hold  witliout  LC(’  corrections  • LSS  off 
Hover  liold  without  liCC  corrections  - LSS  on 
Hover  tiold  witli  LCCi  corrections  ~ LS.S  off 
Hover  tiold  witli  LCC  corrections  - LSS  on 
Pits  - LSS  off 
Pits  - L.SS  on 

PfiS  - Load  position  hold  on 
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A MILVAN  loaded  to  7(.>()0  pouncis  (total  loaci  weiqht)  on  30- foot 
cables  was  used  !or  eill  cases.  Load  altitude  was  25  feet  to 
bottom  of  box. 

The  load  e.xc-vu'sioi'i:;  for  all  the  con f ignrat ions  are  summarized 
in  Table  3 1.  The  data  is  referenced  t.o  the  MILVAN  corner  hav- 
inq  the  larqesr  deviations.  It  mu.st  'oe  pointed  out  that  only 
a .small  sampl  for  each  conf  iqureition  was  measured,  so  the  re- 
sults may  not  be  statistically  accurate.  From  the  Circular 
Error  Proljabi  1 i ty  data  in  Figure  226,  it.  Ccin  be  seen  that  the 
load  position  hold  accuracy  is  dependent  first  on  how  well 
tlie  aircraft  is  held  with  PUS  results  (approximately  three 
times  better  than  ve.i.oci ty-hold  resuit.s).  Deviations  without 
load  damping  are  apprt^.x.' matel  y twice  1.h;:tt  of  the  helicopter 
without  a Load.  Load.ing  damping  significantly  reduced  load 
excursions  wlien  PHS  was  onga<jcd,  but  had  a lessor  effect  w.i  th 
velocity  hold  only  due  to  LCC  input  requirements.  Load  yaw 
excur.sions  were  reduced  from  3 deg-rees  to  1 degree  IlMS  by  the 
LSS  . 

The  loi:d  po.f;itior.  hold  loop.s  .'lid  not  improve  the  load  position 
hold  capability  for  ..iny  axis  in  fli'j.ht.  It  appeared  that  loiad 
excursions  were  produ'-  od  primarily  hy  :ci,rcraft  attitude 
c:hanqe.s,  r'otor  downwa  .uli , and  any  grouted  effect,  rather  than  wind 
changes  and  qusts.  Consequent, ly , mo.st.  of  the  Loaci  excursions 
vVi.;ro  at  or  afjovt'  tiie  boad  {jondultini  f retiucjicy  so  that  the  tiet 
effect,  of  the  posit  ion  hold  loop.s  war:  to  rcaluco  the  da,mp.ing. 

In  addit:on,  ai.rcratt.  stability  duri.ng  opcrat.ion  w'lth  Icrad 
pcjsition  loops  w'a.,-  (ieticr  i bed  .is  l(K.ese,  wh.eia'as  wi  tli  a.ircraft 
position  loops  only.  Liie  he  1 felt  .■  tick  solid. 

'i'he  best  con  f i tiu  lai  t ion  w.as  witii  tiie  I-'!!:.,  anti  ioad.  d.impin>i  wliiclt 
t'.eld  ..l;e  load  within  8 incne.s  CFl-  aoiuzctntal  ! y , 3 incites  PfIS 

vertically,  anti  1 degree  RM.S  d i r etc  t i t >i  ta  1 1 y ,in  winds  gu.stirtq 
to  24  knots.  'I'liesc  i mpres.s  i v*  ■ l<,'.ttd  » >cc;,ir.s  ii..n.;  art/  only  ap- 
pro.ximately  1.2  Limces  larcier  t.han  tfiast-  of  tht'  airctetft  v.ith- 
out  a ioad.  eomp.irison  'Mth  vcelocity  iadd  itttiicates  tiiat. 

:.;ubs  t an  1. 1 a t i iapi  ovemeti  t in  plai::ement  .tcctiracy  t'an  he  achieved 
witfi  th.e  [JOS  it  ion  hold  systum.  The  lo.:id  positioi'.  ftold  accura't-y 
did,  r.vjt  appc'ar  to  vai  .lufistant .la  M y a;;  a f u/u't  i'.jn  of  turi)u  - 
itinct'.  While  precision  measur-  itit.  ■:t.s  were  m.)  .matJt'  under 
var-.ou.r  . . ail  cent .' i e it.'r  .u  , pilot.  (■l.■>rIli.,'■nLs  Lndica*i;d  that,  Ica.el 
f“X  . ti  r ;;  1 ons  wc.-rs.-  not  giasi:..'.'/  .i  i ,t  ft.- 1 c-tl  i„u:,  iui  1 v.'noe  le'.'ejs. 
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FIGURE  226.  CIRCULAR  ERROR  PROBABILITIES  OF  LOAD  POSITION 
EXCURSIONS  ON  HOVER  HOLD  MODE 


5 . 3 . S . 3 . 2 In--Fliq'nt  System  Rc^f  inements  ~ Load  Position  Hold 
Mode 

To  achieve  any  apparent  improvement  of  load  position  hold 
with  the  position  loops  engaged,  the  position  gains  were 
reduced  substantially  for  all  axes  as  shown  in  Table  32.,  As 
mentioned  previously,  no  improvement  in  load  liold  was 
achieved  over  that  supplied  by  L3S  damping. 

TABLE  32. 


LSS  PARAMETERS  - LOAD  POSITION  HOLD 


1 

1 

20 ■ CABLES 

r 

30’  CABLES 

‘50’  CABLES 

1 

1 ___  _ 

ANALYSIS 

1 

FLIGHT 

ANA1)YGIS 

LONG IT,  POSITION  HOLD 

1 

KXLLl 

1 . 0 

1.0 

1.0 

KXLL 1 ' 

0. 2 

0 . 1 S 

0 . 4 

TXLl  ' 

0. 3 

0.25 

U . 5 

TXL2  ' 

1 . 0 

0.5 

1.0 

TXL3  ' 

3 . 3 3 

‘i . 0 

3 . 33 

LAT.  POSITION 

HOLD 

KYLLl 

1 . 0 

0 . 5 

1.0 

KYLLl  ' 

().  1 

0 . O'. 

0.4 

TYI,1  ' 

e.  2 

n . 2 

0 . 2 

TYL2  ' 

u . 0 

0 . 0 

0 . ( ) 

'ITLl  ' 

1 0 . (J 

1 0 . i 1 

10.  is 

DIR.  POSITION 

HOLD 

KNLl 

1 . 0 

0 . 2 3 

1 . 0 

TNI  1 

0.23 

e . 12') 

0 . 2 3 

TN 1 2 

B . 0 

A 

K.'.i)  1 

„ J 

B . n 
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5. 3. 5. 4 Aircraf t/Load  Centering  Mode 
*3.  3. 5. 4.1  Aircraft/Load  Centering 

In  Figure  227,  the  aircraft  is  automatically  centered  over  the 
load  longitudinally,  laterally,  and  directionally.  Tension  is 
automatically  drawn  to  approximately  1200  pounds  in  each  cable 
when  the  LSS  is  switched  on  and  then  the  aircraft  is  centered 
after  the  PHS  is  enabled.  Occasional  transients  would  occur 
during  the  centering  maneuver  due  to  the  PHS  relocking,  but 
the  centering  operation  was  smooth  otherwise.  Load  lift-off 
was  accomplished  without  any  noticeable  load  swing  following 
centering. 

A veitical  pulse  is  applied  with  the  tension  control  loops 
operating  in  Figure  228.  It  can  be  seen  that  the  cable  ten- 
sions quickly  return  to  their  desired  value  in  a well-damped 
manner.  It  was  found  that  the  cables  have  to  be  very  near 
the  correct  relative  length  for  the  trim  pitch  attitude. 
Otherwise,  tension  cannot  be  drawn  on  both  cables.  While  the 
system  would  command  the  aircraft  to  climb  to  bring  the 
cables  taut,  the  aircraft  motion  was  too  abrupt.  Ihis  con- 
firmed the  requirement  for  a reduced  gain  until  one  of  the 
cables  becomes  taut.  This  ieature  was  not  included  in  the 
flight  test  configuration  due  to  software  capacity  limitations 

The  two  cable  tension  sensors  were  prone  to  drift  and  had  to 
be  iiequently  ro-nulled  to  provide  an  adequate  signal  for  the 
cent  ring  mode. 

Load  .entering  works  well  for  small  (4  ft)  aircraft  of fseto , 
hut  ur.  lesirable  transients  occur  if  a cable  goes  slack 
( I atet  tj-7)  . It  was  difficult  to  draw  tension  on  both  cables 
Without  dragging  the  load  if  the  aircraft  was  offset  from  the 
J (jiad  a large  amount  with  the  load  on  the  ground.  Consequently 
the  tecs  > on  control  loops  could  not  keep  ))oth  cables  straight 
during  centering  from  large  offsets.  When  a cable  would  go 
slack,  the  centering  loops  would  receive  incorrect  cable 
angle  int  )rmat ion, result i ng  in  undesirable  aircraft  trans- 
ients anc  delays  i.n  centering.  It  appears  that  a batter 
method  of  keeping  botn  cables  taut  during  centering  from 
large  ' f fsets  is  requirer.  The  winch  svstem  of  the  HLH  could 
provide  this. 


ll2'' 


S4r/ATC  DSMONltHATOR 


while  automatic  contorinc}  proved  Feasib.le,  its  requirement  is 
very  questionable.  'L’he  pilots  found  manual  centcrincj  to  be  an 
easy  tash  trcni  t.he  LCC  .station.  However,  automatic  ceni^riny 
may  be  more  important  wlien  a Iriajh  diHp-ec  of  centerin*./  accuracy 
is  required  witii  loncirT  eablc'S  ‘or  in  biw  visibility 
situations . 

Although  the  centei  ina  'ncTde  was  cies  i to  c:)p>erate  wi.t'h  the 

PUS,  centeriruj  v/ar;  also  perfoi'ine.l  u:,;ir,.}  t.ho  IMU  velocities 
instead  of  t-ho  I’ilS.  A low-frequency  (2()-sr'C  period)  mild 
lateral  instability  oceui'rcHJ  in  tlii.s  case.  I'h  i s v/as  due  to 
IMU  drift  in  (son  lumd  ion  with  t he  intc.-qi  al.  backdrive  loops. 

A dcstabi  1 i.zirri  er>n  1 1 occuriand  1)etw<>en  tlie  incorrect 

velocity  j (MHil'-acV,  {due  <o  di  M t ) and  the  posit,  ion  feedbCiCk 
(derived  from  t lv'  c.itd''  an-jb  . 
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30'  CABLES 
FLIGHT  DATA 


50'  CABLES 
ANALYSIS 


LONGIT.  CENTERING 

KXLL4 

0.4 

1.58 

TFS  RATE 

0.2 

1.0 

LAT.  CENTERING 

KYLL4 

0.5 

1.69 

TY6 

0.1 

1.67 

TFS  RATE 

0.5 

1.0 

DIR.  CENTERING 

KNL2 

0.5 

1.0 

TFS  RATE 

2.0 

2.0 

TENSION  CONTROL 

KXTE 

2x10"^ 

SxlO""^ 

KZ.TE2 

5x10”^ 

5x10"^ 

KCTE 

3.0x10"^ 



2.5x10“^ 

Impro/od  accuracy  with  l’-o  automatic  position  hold  concept 
would  result,  as  indicat.ed  from  i^osition  hold  data  shown 
previovisly . 

Rapid  load  cable  hookup  by  a ground  crewnan  was  performed 
easily  since  the  LCC  could  precisely  position  the  helicopter 
and  had  excellent  visibility.  MILVAN  acquisition  without 
ground  crewman  assistance  was  accomplished  by  positioning  a 
top-lift  adapter  on  the  MILVAN.  Load  maneuvering  to  maximum 
shuttle  groundspeeds  could  be  performed  routinely. 

With  the  final  hover  hold  configuration,  the  MILVAN  on  10-foot 
cables  can  be  placed  consistently  within  a one-foot  accuracy 
and  on  the  transporter  pins  1-inch  accuracy  required) 
occasionally.  The  MILVAN  was  lowered  onto  the  transporter 
pins  with  relative  ease  using  15-inch  guide  vane,'S  on  the 
transporter  corners  providing  a funnel  for  the  load. 

Accurate  placement  requires  patience  on  the  part  of  the  load 
crewman.  Only  smooth  small  inputs  can  be  used  to  maneuver 
the  load  the  last  few  inches  to  avoid  stirring  up  load  oscil- 
lations. If  load  oscillations  are  created,  it  is  best  to  go 
hands  off  until  all  motion  is  damped  and  then  proceed  with 
the  placement  task.  Time  histories  for  typical  load  place- 
ments by  the  LCC  are  shown  in  Figures  229,  230,  231,  and  232 
(LSS  on)  . 

LCC  workload  and  time  required  for  accurate  MILVAN  placement 
was  increased  due  to  random  abrupt  lateral  swaying  of  the 
load,  close  to  the  ground,  as  shown  in  Figure  233«  As  teen  in 
the  cable  tension  trace,  rotor  downwash  near  the  ground  cre- 
ates a buoyancy  effect  on  the  load,  making  the  lateral  compon- 
ent of  downwash  more  effectiy/e  in  creating  lateral  motion. 

The  58C0-  to  7600-pound  MILVAN  on  10-foot  cables  has  a peak 
swing  of  about  3 feet  to  the  aircraft's  right  with  a steady 
offset  1 foot  if  the  load  is  allowed  to  stabilize  1 to  2 
feet  off  the  ground. 

Lateral  load  stabilization  did  not  alleviate  this  problem, 
and  in  fact  made  it  worse.  To  damp  the  load  motion,  the  load 
stabilization  loop  conunands  the  aircraft  to  move  in  the  direc- 
tion of  the  load  displacement,  further  increasing  position 
error.  LCC  commands  to  return  the  load  to  its  initial  lateral 
position  are  resisted  by  LSS,  causing  a tendency  by  the  LCC  to 
overcontrol.  A lateral  interrupt  circuit  designed  to  discon- 
nect the  lateral  LSS  when  the  LCC  was  out  of  detent  was  flight 
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evalvuited.  Transients  created  by  switching  were  unacceptable. 
The  expedient  solution  was  to  set  tlie  lateral  LSS  gain  to  zero 
for  short  cable  evaluations  since  this  configuration  exhibited 
reasonable  load  damping  without  stabilization  (Figure  220).  The 
problem  was  not  apparent  in  the  longitudinal  or  directional 
axes  and  load  stabilization  proved  effective. 

It  is  anticipated  tiiat  the  sway  problem  would  be  much  less 
severe  with  heavier  loads  or  longer  cables.  It  should  be  less 
pronounced  for  all  configurations  witli  the  HLH  since  its  disc 
loading  and  downwash  velocity  are  less  than  that  of  the  347 
for  the  same  load  weight.  Ho\/ever,  studies  should  be  performed 
to  improve  LSS  effectiveness. 

RECOMMENDATION 


Reconfigure  LCC/LSS  interrupt  to  avoid  transient  problems 
noted  in  test  and/or  remochanize  LSS  to  be  compatible  with 
load  placement.  An  activ'e  arm  load  stabilization  concept  may 
afford  an  improvement  here  since  the  load  can  be  controlled  at  a 
higher  frequency  without  aircraft  motion.  However,  it  must  be 
recognized  that  the  load  placement  accuracy  is  attributed  for 
the  most  part  to  the  Hover  Hold  mode. 

The  load  damping  ruodc  affords  substantial  help  in  all  three 
axes  during  load  placements  with  30-foot  cables  since  the 
basic  load  damping  is  much  lower  and  the  load  sway  is  less. 

It  is  particularly  beneficial  in  stopping  large  amplitude 
directional  limit  cycling.  With  load  damping,  the  load  could 
be  placed  on  a transporter  with  guides,  although  the  task  is 
more  difficult  than  with  short  cables.  Limited  testing  with  a 
55-foot  cable  length  indicated  that  ] oad  stabilization  was 
definitely  i-equired  as  load  oscillations  could  not  be  stopped 
with  LCC  or  pilot  corrections. 

5. 3. 5. 5. 2 Pilot  Operations 

The  load  was  well  behaved  and  could  be  handled  easily  in  for- 
ward flight.  This  is  true  for  all  forward  flight  maneuvering 
including  turns,  sideslips,  climbs,  and  descents.  The  load 
was  also  v/ell  behaved  at  the  power-limited  maximum  airspeed. 

The  load  presented  no  problems  during  departures  and  approaches 
regardless  of  whether  they  were  VFR,  simulated  IFR,  or  auto- 
matic approaches.  For  the  relatively  light  load  used  (5800  lb), 
the  load  was  basically  well  behaved  in  forward  flight  so  there 
was  no  real  LSS  requirement. 
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5. 3. 5. 6 Simulaticn  Test  Comparison 


i 


While  several  design  changes  were  made  during  the  flight  test 
development  of  the  LSS,  most  of  the  analytical  design  produced 
generally  tiie  anticipated  results.  Flight  test  and  analytical 
load  damping  ratios  and  frequencies  are  compared  on  Figures 
234  - 238.  Correlation  is  quite  good  when  considering  that 
only  limited  testing  was  accomplished  with  20-  and  55-foot 
configurations.  The  poorest  was  the  longitudinal  damping 
ratio  with  PHS  engaged  as  only  one-third  of  the  analytical  result 
was  achieved.  Although  parameter  variations  were  not  made  in 
flight  to  check  trends,  the  lateral  load  damping  did  not 
appear  to  be  as  sensitive  to  LSS  and  non-LSS  parameter  varia- 
tions as  the  analysis  predicted. 

The  following  are  significant  known  deficiencies  or  omissions 
in  the  analytical  models: 

• Rotor  downwash  and  ground  effects  on  the  load  were  not 
modeled.  Consequently,  the  lateral  load  sway  problem 
did  not  appear  in  the  analysis.  This  was  the  only 
serious  shortcoming. 

• Basic  load  damping  (LSS  off)  was  generally  better  than 
the  analytical  models  predicted. 

• Inverted-V  analytical  representation  appears 
inadequate.  There  were  larger  directional  load 
excursions  at  a Jower  frequency  than  the  model  predicted. 

Tliese  deficiencies  should  be  corrected  before  further  load 
handling  analysis  is  performed. 
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5.3.6  Automatic  Approach  to  Hover 

5.3.6. 1 Description  and  Test  Results 

The  automatic  approach  to  hover  mode  wa.s  configured  for  demon- 
strating the  feasibility  to  manually  (following  flight  director 
conunands)  or  automatically  fly  the  aircraft  down  an  approach 
path  terminating  in  a stabilized  hover.  A 'preset"  approach 
profile  was  used, starting  at  1,000  feet  above  the  terrain  and 
about  2-1/2  miles  from  the  intended  hover  poikit  and  descending 
to  a 100- foot  hover  following  a flaring  maneuver  initiated  le 
1/2  mile  out  at  2S5  feet. 

Because  of  the  fixed  profile  used,  the  point  of  termination 
depended  upon  where  the  pilot  engaged  the  approach.  Precise 
maneuvering  was  required  to  reach  an  initial  approach  gate 
which  ensured  terminal  hover  over  the  desired  area.  The  con- 
cept mechanized  for  tlie  test  program  was  intended  for  demon- 
stration of  control  processing  only  and  requires  additional 
functional  capability  for  operational  implementation. 

Manually  controlled  approaches  using  the  flight  director  ref- 
erence were  easily  accomplished  under  VFR  and  simulatk^d  IFR 
conditions  (under  the  hood)  botl  with  and  without  external 
loads.  The  approach  profile  flown  by  the  aircraft  was  very 
close  to  the  planned  path  (A-3) . 

Automatic  coupled  approaches  were  also  performed  very  satis- 
factorily (A-2.5),  again  with  and  without  loads. 

5. 3.6. 2 Approach  to  Hover  Performance 

Data  for  several  automatic  approaches,  completely  hands  off, 
are  shown  in  Fig  .239  to  242  for  the  conditions  listed  below. 
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FIGURE  239.  COUPLED  AUTOMATIC  APPROACH  TO  HOVER 


COUPLED  AdTOMATIC  APPROACH  TO  HOVER 


FIGURE  241.  COUPLED  AUTOMATIC  APPROACH  TO  HOVER 
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FIGURE  242  COUPLED  AUTOMATIC  APPROACH  TO  HOVER 
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These  show  that  the  system  rna  Lntains  tlie  clesirccl  profile  with- 
out excessive  control  or  attitude  deviations.  Also,  the  sys- 
tem performance  is  essentially  independent  of  aircraft 
configuration  (i.e.,  external  load  or  load  stabilization). 

The  exact  profile  errors  for  the  automatic  approach  with  a 
MILVAN  and  no  LSS  are  shown  on  Figure  24  3 . The  groundspeed 
error  is  minimal  down  to  the  flare  point  whore  it  increases  to 
7 . 5 fps  which  is  slightly  higher  than  the  specified  value  of 
4 knots  (6.7  fps).  However,  tlie  altitude  error  is  much  more 
significant.  At  the  initial  descent  point  (distance  to  go  = 
10370  feet)  , the  altitude  error  jumps  quickly  to  60  feet,  ^^nd 
is  being  slowly  reduced  to  approximately  35  feet  at  the  flare 
point  where  it  jumps  back  to  60  feet.  After  the  flare,  the 
error  is  finally  reduced  to  zero.  At  first  glance,  this  error 
appears  extreme;  however,  the  desired  altitude  profile  was 
generated  assuming  instantaneous  changes  in  descent  rate  at 
the  initial  descent  and  flare  points.  Obviously,  this  is  not 
realistic,  and  results  in  large  altitude  errors,  A more 
realistic  approach  would  have  been  to  generate  a vertical  rate 
profile  which  corresponded  more  closely  to  actual  aircraft 
capabilities,  and  then  derive  an  altitude  profile  from  this 
rate  profile. 

Fig.  244  illustrates  a manual  approach.  As  expected, 
this  shows  that  a manual  approach  is  not  as  precise  as  an 
automatic  approach.  This  can  be  attributed  to  pilot  lag  and 
the  necessity  to  continually  scan  four  separated  flight  direc- 
tor command  bars.  Furthermore,  this  particular  manual  ap- 
proach was  performed  after  only  three  previous  manual  ap- 
proaches. A comparison  of  flight  director  commands  for  a 
manual  and  automatic  approach.  Fig.  245,  further  emphasizes 
the  automatic  system  ability  to  track  the  desired  commands. 
This  shows  that  the  automatic  systems  track  the  flight  direc- 
tor commands  almost  instantaneously  while  the  pilot  has  a 
significant  time  delay. 

Although  the  auto  approach  system  was  evaluated  as  being 
acceptable,  occasionally  the  auto  approach  system  would  cause 
excessive  pitch  attitude  excursion  which  the  pilot  felt  was 
objectionable.  Fig.  246  illustrates  such  an  approach.  This 
pitch  problem  was  caused  primarily  by  the  fact  that  no  atti- 
tude limits  were  incorporated  in  the  approach  control  laws. 
Attitude  was  commanded  by  longitudinal  control  to  follow 
groundspeed  profile.  If  helicopter  got  behind  groundspeed 
(too  fast)  increased  attitude  was  commanded.  This  in  turn 
caused  longitudinal  AFCS  attitude  authority  limit  to  be 
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FIGURE  243.^UT0MATIC  APPROACH  TO  HOVER  - PROFILE  ERROR 


FIGURE  244.  MANUAL  APPROACH  TO  HOVER 


f IGURE  245.  TYPICAL  FLIGHT  DIRECTOR  ERROR  SIGNAL 
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exceeded  which  resulted  in  gradual  pitch-up  and  stick  moving 
forward  in  cockpit  . This  is  similar  to  the  problem  noted  und€!r 
the  Basic  SCAS  write-up  in  Section  5.3. 1.3.  The  maneuver  was 
either  terminated  by  the  pilot  or  ridden  out;  fairly  sharp 
pitch-down  occurred  as  lower  airspeeds  were  reached. 

One  possible  method  for  correcting  this  problem  would  be  to 
provide  tighter  gioundspeed  control  by  optimizing  the  open 
loop  longitudinal  stick  function  This  would  permit 

tighter  limits  on  the  feedback  loop.  Also,  since  the  problem 
was  one  of  pitching  down,  the  limit  could  be  asymmetrical  to 
further  constrain  the  forward  stick  motion.  Pitch  limiting 
would  need  to  be  incorporated  along  with  steep  flare  control- 
lability recommendations  of  5. 3. 1.3. 

An  alternative  solution  would  be  to  reconfigure  the  longitudi- 
nal control  loops  for  pitch  attitude  control.  For  this 
concept,  the  longitudinal  SCAS  would  be  configured  in  the 
attitude  hold  mode,  and  the  open  loop  stick  functions  Fggg 
would  correspond  to  the  desired  pitch  attitude  response.  The 
desired  groundspeed  function  would  be  modified  to  correspond 
to  the  groundspeed  profile  generated  by  tiio  desired  attitude 
profile.  The  necessary  gains  and  functions  would  bo  developed 
through  further  simulation  and  flight  test  evaluation. 

5. 3.6. 3 In-Flight  System  Refinements 

As  the  flight  evaluation  was  being  performed,  it  became  neces- 
sary to  introduce  control  law  and  parameter  refinements  in 
order  to  solve  in-flight  problems.  The  following  is  a list 
of  t)ic  system  modifications. 

S . 3 . 6 . 3 . 1 Complementary  Vertical  Rate  Signal 

The  original  auto  approach  system  used  radar  rate  for  rate  of 
descent  reference.  However,  uneven  terrain  ft’aturos  (trees, 
liouses,  river  banks,  etc.)  caused  large  radar  rate  spikes 
which  in  turn  caused  excessive  collective  activity.  Figure  247 
illustrates  a typical  radar  rate  signal  during  an  approach. 
Filtering  and  gain  reduction  of  the  rate  feedback  reduced  the 
effect  of  the  spikes,  but  degraded  system  performance.  A 
similar  problem  encountered  on  the  vertical  liover  hold  system 
was  solved  by  using  a complementary  vertical  rate  signal  which 
utilizes  heavily  filtered  radar  rate  for  low-frequency  infor- 
mation and  vertical  acceleration  for  high- ‘"requency  rate  data. 
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RADAR  RATE  VS  COMPLEMENTARY  VERTICAL  RATE 
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TIt  i s wa.s  1 mpl  omopil  oci  on  Lho  aut  o appro^^ch  system  and  proved 
to  1)0  very  effective  as  i 1 In.striitod  in  Ficjiiro  247. 

S.7.(i.7.2  A!Lit.ucie  Trans  i enl-t're.''  Switch 

Oriqinally,  the  transJor  from  barometric  to  radar  altitude 
refc'rence  was  accomp  1 1 slied  by  a linear  phasinq  t rom  baro  to 
radar  as  a fun.ction  ol  distance  from  the  hover  point.  This 
eliminat.es  any  step  tran.sient  during}  transfer  by  ramping  in 
t tu'  difference  between  baro  and  radeir.  However,  it  was  found 
t.tiat  rathei:  large  differences  btd.ween  bar<'^  and  radar  could 
occur,  Clausing  hii^li  r.iiii})  rates  and  profi.cing  oojoctionablc 
t r a ns  1 on  t s ( F i cj  ure  248).  In  order  to  overcome  this  problem, 
the  switcli  from  l-.iro  t.o  ra  t..j.  was  accomplished  usinc^  a 
( rans i ent. - f reo  switcii  This  .switch  permitted  transition  from 
baro  to  radar  and  rampc'd  in  t:...  ’ifferc-ice  between  baro  anci 
radar  with,  a c(.'ntrol]ed  rate'  of  4 Ips. 

Ficfure  249  illustrates  the  t ransi C'lit -f roe  switch  operation. 

Wlien  the  d i stance- to-ejo , bx,  is  ijrc'ater  t'nan  1000  feet,  the 
radai’  altitude'  is  synci'Iironi  zed  and  tlie  output  of  the  transient - 
free  switch  is  barometric  altitude.  For  Dx  less  than  1000 
feet,  the'  TF.S  ouput  equal.s  tlu'  summation  of 

• haro  alti  t.ufJe  at  i)x  - 1000  t ec't 

• Oifferenc’e  between  radar  altitude  and  tlio  radar 
altitude  at  Dx  = 1000  feet  , hj^ 

Ft.'veral  combinat  ion.s  of  switc'binc)  f)oint  and  ramp  rate  were 
tried,  and  .swit.ching  at  1000  feet  wit.ti  a ramp  r.ite  of  4 fp.s 
as  found  to  give  acceptable  response. 

d . -j  . t) . 4 . 3 liow  Ai  r.spi'eci  Collective  Bia.s  f.oop 

At  low  airspeeds  near  hover,  it  w'as  found  tliat  addit.ional  up 
collr-ct  i ve  was  recTuired  to  compensate  for  collective  trim 
rdi  1 f t ^ part  i cul  a r 1 y in  t.iilwjnds,  Thi.s  was  provided  througli 
the  low  .iirspeed  collecuivo  liias  loop.  Tli  i s loop  operates 
Ijy  genc-r.it  inij  an  appjroxi mately  airspeed  sicjnal  for  airspeeds 
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FIGURE  249. 

ALTITUDE  TRANSIENT- FREE  SWITCH 


less  titan  40  kiKits.  'I’liis  airspeed  driv  t a function  ijenera- 
tof  wliich  provides  an  tip  eollective  step  when  the  airspeed  is 
less  th.in  2S  knots.  ’('his  .step  (nnct.ioi^  is  fed  to  the  total 
collective  command  thrmufh  a latj,  softens  the  step 

input..  I’he  air.spoed  approx  i mat  i on  i' s qenerated  by  determir.  intj 
t lie  difference  bet. ween  air. speed  a ltd  1 onq  i t.nd  i n a I groiindspeed  . 
'this  difference  is  hold  when  tdut  di  st.ance-to -cjo  i.s  less  than 
2290  feet.  'I'lie  .tpprox  i ma  t o airspeed  is  equal  to 

Apftrox.  A/S  Pont.] . (’.roundspeed  r (A/S  - [,oiiq . Oround.speed) 

DX  2 290' 

A 1/2-inch  st.:tp  at  25  knots  air.speed  through  a l-second  lag 
w,:3,s  found  to  give  acceptable  response. 

5. 3.0. 3.4  Cains,  ’riii'e  Constant  .s  and  Limiters 

The  following  (prin  and  time  con.st.inl.  changes  significantly 
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The  rate  limits  an  Lgg  and  and  on  Fp'jy  and  i were  re 

quired  to  reduce  the  excessive  collective  activity  at  the 
beginning  of  the  descent  and  flare  phases.  The  limiters  Lm9 
and  LmIO  on  the  longitudinal  groundspeed  loop  were  implement- 
ed to  limit  longitudinal  overcontrol. 

5. 3. 6. 3. 5 Collective  Flare  Compensation 

Tlie  pitch  at  titaide/r  ate  of  descent  coupling  was  not  as  strong 
as  anticipated,-  therefore,  the  collective  flare  compensation 
loop  wa.s  eliminated. 
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6,0  AFCS  EOUIPMENT  PERFORMANCE  EVALUATION 


6 . 1 FLIGHT  CONTROL  COmMJTER  SUBSYSTEM 

A )ar<je  portion  of  this  section  is  devoted  to  the  problems 
encountered  and  resolutions  m^ide  during  the  development  of  the 
MuFl-ATC  AFCS.  Few  of  the  problems  discussed  have  a major  impact 
upon  the  design  for  the  HLH  Prototype  AFCS.  The  general  per- 
formance of  the  AFCS  throughout  the  ATC  program  has  been  con- 
sidered very  satisfactory  in  meeting  the  system  requirements 
and  due  credit  must  be  given  to  the  General  Electric  Company 
for  a thorough  design  and  test  support  effort. 

Problems  discussed  are  classed  with  each  individual  item  of 
e<ju  i pment  : 

Compu ter 

• Read-only-memory  integrated  circuit  reliability 

• Clock  pulse  distortion 

• System  shutdown  following  individual  cross-channel  LRU 
fai lure. 


lOP 

• Input  discrete  failures 

• Anaiog-to-diqi taJ  converter  reliability 

• Analog  ac  demodulator  reliability 

• Diyita I - to-analog  converter  reliability 

• Sensor  signal  conditioning  circuit  leakage 

• Power  supply  low  temperature  operation 

• Mode  logic  board  reliability 

• Input  data  voter  failure  identification 

• BITE  modification  for  unused  lOP  outputs  channel  to 
channel 
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() , 1 . 1 Flight  Control  Computers 

6.1. 1.1  ROM  Integrated  Circuit  Reliability 

Prior  to  the  acceptance  tests,  several  ROM  devices  had  failed 
to  consistently  program  to  the  zero  state  after  being  erased 
to  the  one  state.  Devices  that  failed  to  properly  program  in 
the  ROM  programmer  unit  also  failed  in  the  same  bit  locations 
when  programmed  on  the  Spectrum  Dynamics  Memory  Programmer. 

Modifications  were  made  to  the  ROM  programmer  unit  to  improve 
the  programming  capability  and  to  reduce  the  power  dissipated 
on  the  ROM  boards  during  programming.  This  appeared  to  reduce 
the  frequency  of  failures,  but  did  not  eliminate  the  problem. 

Several  ROM  device  failures  occurred  during  the  humidity  qual- 
ification tests,  which  are  reported  in  Section  4.1.2.  In  an 
attem[)t  to  appraise  the  degrading  effects  of  humidity  on  the 
ROMs  a random  sample  of  three  brand  new  devices  were  subjected 
to  the  same  humidity  profile  test  as  those  on  the  computer 
boards,  but  no  failures  were  found.  This  focused  attention 
on  the  circuit  board  conformal  coating  process  with  probability 
of  line-to-line  (pin-to-pin)  conduction  paths  forming  with  the 
moisture  after  being  exposed  to  the  humidity  cycle;  however, 
no  conclusion  was  made. 

Continued  failures  have  been  experienced  throughout  the  flight 
program  with  no  identification  of  the  problem.  It  appears 
that  the  frequency  of  failures  increases  with  the  number  of 
times  the  board  is  programmed  with  no  specific  pattern  of  events. 
Tt  is,  however,  clear  that  this  remains  a major  problem  for  the 
prototype  AFCS  operation  and  can  only  be  combatted  at  this  time 
by  providing  spare  boards  to  permit  a smooth  flight  test  program 
to  proceed.  Each  time  a ROM  failure  is  experienced,  the  device 
IS  replaced.  No  resolution  is  forthcoming  from  the  device 
manufacturer  and  there  is  no  substitute  device.  Other  equiv- 
alent devices  would  necessitate  redesign  work. 

6. 1.1. 2 Clock  Pulse  Distortion 

Triplex  testing  prior  to  acceptance  tests  uncovered  a problem 
in  computer  clock  pulse  distortion  which  impacted  the  cross 
channel  timing  synchronization  and  clock  monitoring.  This 
problem  was  resolved  by  additional  ground  grids  on  the  computer 
timing  and  synchronization  printed  circuit  boards. 
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6.1.2  I nput/Output  Processors 

6. 1.2.1  Input  Discrett!  Failures 

Throughout  the  flight  program,  unexplained  lOP  input  discrete 
failures  occurred  in  flight,  which  for  the  most  part  resulted 
in  system  first  level  failures  and  in  a few  instances,  system 
shutdown  when  the  first  occurrence  had  not  been  reset.  In  all 
cases  experienced,  the  failure  was  resetable  and  could  not  be 
duplicated  by  trial  and  error  on  the  ground.  No  pattern  of 
events  could  be  established  from  the  inflight  information  nor 
from  any  recorded  data  to  identify  the  discrete  or  combination 
thereof  causing  the  problem.  It  was  not  clearly  established 
that  the  problem  was  due  to  discretes  delaying  or  malfunction- 
ing; the  cause  could  have  been  noise  on  the  monitor  itself. 

The  problem  remains  unsolved  and  can  only  be  further  pursued 
for  the  prototype  program. 

Three  factors  make  this  problem  difficult  to  trace;  one,  the 
inherent  design  problem  of  combining  all  discrete  information 
into  16-bit  serial  data  words  and  therefore  losing  identity 
of  individually  failed  discretes.  Two,  the  inability  of  the 
data  recording  system  to  register  raw  discrete  information  in 
the  entirety  required  to  troubleshoot  the  problem,  as  well  as 
the  inability  to  record  the  event  as  it  occurs  randomly.  Three, 
the  inability  to  duplicate  the  problem  on  the  ground  or  in  the 
laboratory,  in  an  environment  which  offers  detail  scrutiny. 

An  artempt  was  made  to  change  the  discrete  failure  monitoring 
technique  from  eight  accumulated  samples  from  every  eighth 
iteration  to  15  consecutive  samples,  but  without  apparent 
success.  At  least  this  would  have  proven  a deterrent  for  one 
discrete  to  have  delayed  for  a period  of  more  than  150  ms 
before  being  declared  failed.  It  appears  unreasonable  to 
expect  such  a delay  from  any  single  system  discrete,  therefore 
placing  more  emphasis  on  the  problem  being  due  to  more  than 
one  discrete  delay  and  possibly  noise. 

6. 1.2.2  A/D  Converter  Reliability 

Analog-to-digital  converter  failures  have  been  manifested  in 
several  ways,  none  of  which  have  led  to  a complete  interrup- 
tion of  data  transmission  from  lOP  to  computers: 

A pitch  axis  disturbance  with  a racheting  characteristic 
was  traced  to  the  fact  that  the  median  value  of  the 
pitch  rate  gyro  signal  was  following  a square  wave 
pattern,  also  noted  on  roll  rate,  though  less  frequent. 
Pitch  attitude  data  also  followed  the  same  trend,  but 
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not,  coincidont;  with  pitch  rate  information.  These 
deviations  were  not  lartje  enouqh  to  cause  failure 
indications . 

A rash  of  simul taneous  single  channel  sensor  failures 
would  be  indicated,  which  most  often  were  resetable 
indicating  transient  malfunction  of  the  device.  More 
often,  the  problem  would  he  evidenced  by  erratic  high 
static  offset  readings  - the  same  device  in  similar 
location  at  a later  time  would  appear  normal. 

The  accumulation  of  these  problems  occurred  during  the 
flight  program  and  were  always  solved  by  the  replacement 
of  the  A/D  module  device.  It  became  apparent  that  the 
module  device  was  sustaining  high  junction  temperatures 
when  operating  in  the  aircraft  during  the  summer  months. 

The  installation  of  cooling  fans  in  the  lOP  lids  over  the 
A/D  card  location  apparently  succeeded  in  reducing  the 
junction  temperatures  to  a satisfactory  level  to  increase 
device  life  expectancy/reliability. 

The  vendor  has  reported  to  have  had  problems  with  these 
devices  on  other  programs  and  is  investigating  the  use  of 
more  expensive  upgraded  temperature  range  pin  compatible 
devices  as  a solution  for  the  prototype  AFCS . Should  this 
solution  not  succeed,  a substitute  device  will  require 
board  design  to  be  compatible. 

6. 1.2. 3 Analog  AC  Demodulator 

A number  of  failures  of  the  HTC  demodulator  flatpack  devices 
has  occurred  throughout  the  program.  The  AC  reference  has 
been  observed  on  the  output  of  some  of  the  sensor  demodulator 
networks  (which  appears  as  a static  null  offset  at  the  PCDU) 
and  no  reason  for  the  failures  has  been  forthcoming,  as  no  set 
of  circumstances  has  been  gathered  to  pinpoint  a reason  for 
the  failures.  A proposed  solution  to  this  problem  is  to 
screen  these  devices  upon  equipment  return  to  the  vendor  and 
replace  those  units  which  have  degraded  performance. 

6. 1.2.4  Digi ta 1 /Analog  Converter  Reliability 

Two  problems  were  encountered  with  the  DAC  and  Sample/Hold 
amplifier  card,  one  of  which  resulted  in  DELS  shutdown  of  AFCS 
and  the  other  in  a malfunction  of  longitudinal  CCDA  drive. 
Replacing  the  D/A  module  apparently  served  the  problem  and  this 
practice  will  continue  for  the  prototype  AFCS  upon  the  occur- 
rence of  a malfunction. 
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Input  Data  Voter  Failure?  i dent  i f i cm  t i on 


This  was  associated  with  identification  of  an  inpni 

data  voter  failure  in  one?  of  the  throe  computers  whic:h  is 
i nducc'd  tiy  a simulated  triplex  sensor  failure  and  th('  e<jns'- 
quent  sen.sor  select  switchover  from  median  select  to  avcraqin'i. 
This  failure  occ:urred  relatively  infrequently  in  a non- 
repeatable  manner  since  it  was  an  induced  failure  that  followeii 
a sensor  failure.  It  was  immediately  resettable  by  Error  be- 
set. The  bit  time  synchronization  circuitry  of  the  median 
select  outputs  was  modified  to  insure  triplex  siynal  crorre- 
spondence  at  the  inputs  to  the  computer  input  data  voters. 


6 . 2 SENSGHS 

6.2.1  Airspeed  Sensor 

Two  types  of  problems  associated  with  the  sensing  and  genera- 
tion of  linear  airspeed  were  encountered  during  flight  test- 
ing: 

• Dynamic  tracking  accuracy  between  the  triplex  sensors, and 

• Airspeed  fluctuations  during  forward  flight  acceleration. 

Subsequent  to  the  resolution  of  these  problems,  the  performance 
of  the  airspeed  sensors  was  satisfactory  for  AFCS  operation. 

6. 2. 1.1  Dynamic  Tracking 

The  Precision  Airspeed  Trim  (PAST)  sensors  were  originally 
designed  for  the  Model  347  Flight  Demonstration  Program  in 
the  1968-1970  time  frame.  In  that  application,  the  PAST  units 
were  employed  in  a dual  conf igurat ion,  dr i ving  two  independently 
operating  channels  of  signal  processing  and  actuation  with  no 
requirement  for  close  cross-channel  tracking.  However,  in  the 
utilization  of  those  units  in  the  HLH/ATC  program,  problems 
associated  with  cross- channel  mistrack  resulted  in  a number  of 
airspeed  first- fa i lure  indications.  Analysis  of  flight  data 
and  subsequent  laboratory  testing  identified  differing  dynamic 
response  characteristics  between  the  several  PAST  units.  This 
situation  was  satisfactorily  resolved  by  adjustment  of  servo 
loop  phase  compensation  in  the  less  sensitive  units  to  match 
the  response  of  the  more  sensitive  units.  These  adjustments 
did  not  degrade  AFCS  performance  in  any  way. 
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This  type  of  problem  cannot  occur  in  the  air  data  modules 
developed  for  the  HLH  prototyfio  aircraft  as  these  units 
utilize  completely  electronic  processing  of  the  dynamic- 
pressure  - to  -1  inear-  a i rspeed  shapini}  in  coritrast  to  the  electro- 
mechanical servos  utilized  in  the  PAST  units. 

6.2.  1.2  Airspeed  K1  uc:tua  t ions  During  Acceleration 

During  longitudinal  accelerations  into  forward  flight,  a 
pitch-up  problem  was  encountered  at  abovit  40  knots,  followed  by 
an  excessive  pitch-down  between  50  to  60  knots.  This  condi- 
tion did  not  become  evident  until  after  the  triplex  Precision 
Airspeed  Trim  (PAST)  unit  servo  loop  gains  had  been  tightened 
up  to  eliminate  airspeed  failure  trips  resulting  from  dynamic 
mismatch.  With  the  tight  servo  loops,  the  airspeed  was 
responding  to  the  effect  of  rotor  tip  vortex  effects,  causing 
a fictitiously  excessive  sp>eed  increase  between  40  and  45 
knots.  This  spurious  effect  was  compensated  for  by  slowing 
down  the  PAST  response.  The  50-  to  60-knot  pitch-down  problem 
was  compensated  for  by  replacing  the  wide  angle  Pitot  heads 
with  narrow-angle  heads.  This  effectively  compensated  for 
the  undesirable  rotor  downwash  effects. 

6.2.2  Reference  Barometric  Altitude 

The  design  of  the  reference  barometric  altitude  unit  used  for 
the  347  HLH  flight  control  system  demonstrator  aircraft  was 
essentially  the  altitude  hold  feature  of  the  Canadian  CH-147 
ATS  box.  The  collective  A and  B cards  from  that  box  were 
modified  to  meet  the  reepri  remen  ts  of  the  altitude  hold  and 
automatic  approach  to  hover  modes  of  the  HLH/ATC  AF^-g.  The 
barometric  transducer  and  these  two  modified  cards  were  inter- 
connected and  repackaged  to  form  the  reference  barometric 
altitude  units. 


Since  the  C1--147  and  the  347  has  concurrent  flight  test 
programs,  some  of  the  developmental  problems  experienced  on 
the  CH-147  AFCS  altitude  sensor  were  also  experienced  with  the 
347  altitude^  sensor.  As  the  problems  were  resolved  for  the 
CH-147,  and  if  applicable  tor  the  347,  the  modifications  were 
made  to  the  altitude  synchronizers  at  the  Engineering  Lab- 
oratory and  returned  to  the  aircraft  for  test  and  evaluation. 


Problems  encountered  with  the  altitude  synchronizer  are  listed 
below  with  a brief  description  of  the  problems  as  experienced 
on  the  347  aircraft: 


Large  engage  errors 
Drift 

Dat  a spi k i ng 
Hardovers 

Exf:essive  time  lag  from 


synchronize 


to  stabilize 
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1 Larqe  E;nqaqe  Errors 


Durinq  the  functional  testing  of  the  altitude  synchronizer 
on  the  aircraft,  numerous  BARO  ALT  sensor  failure  indications 
were  experienced  seconds  afttir  the  BARO  ALT  HOLD  mode  was 
selected.  Investigations  revealed  that  the  HI  GAIN  output  was 
randomly  jumping  from  approximately  -5  t.<Js  (.024  Vdc)  in  SYNC 
mi^de  to  -200  to  -400  MUs  (1  Vdc  to  2 Vdc)  in  the  STAB  mode. 

In  engineering  units,  this  is  about  .6  ft.  ho  50  ft.  These 
jumps  exceeded  the  failure  detection  threshold  levels,  thereby 
causing  a sensor  fail  condition.  This  problem  was  attributed 
to  the  shcjrt  time  constant  of  the  analog  synchronizer  loop. 
Another  suspect  area  was  the  second-stage  amplifier  which  had 
a leiatively  lo’’  iin  because  of  the  dual  tracking  requirement 
of  250  ft  ana  ' *00  ft,  thereby  making  it  more  susceptible 
to  noise.  ".i‘  resolution  of  tliis  problem  is  discussed  in 
section  6 . . z . 6 . 

6.2.2..'’  Drift 

Drifting  of  the  HI  GAIN  output  vras  observed  with  the  altitude 
synchronizer  in  the  STABILIZE  mode.  This  drift  was  random  in 
rolarity,  rate,  and  magnitude.  Occasionally,  this  drift  caused 
the  absolute  difference  between  the  channel  A sensor  and  the 
channel  C sensor  to  exceed  the  failure  detection  threshold 
levels,  thereby  causing  a sensor  fail  condition.  This  problem 
was  attributed  to  improper  handling  of  the  FET  in  the  synchro- 
nizer loop  during  equipraent  fabrication  causing  the  relay 
module  (FET,  relay  and  holding  capacitor)  to  be  excessively 
heat  sensitive.  This  relay  module  was  subjected  to  temperature 
changes  up  to  20°F  between  the  SYNC  and  STAB  modes.  The 
resolution  of  this  problem  is  discussed  in  section  6. 2. 2. 6. 

6.2.2. 1 Hardovers 

Hardovers  were  experienced  with  the  serial  number  1 unit  on 
both  the  HI  gain  and  LO  gain  outputs.  Roth  were  traced  to 
defective  components.  In  the  former,  the  HI  gain  output 
amplifier  AR4  was  replaced  and  in  the  latter,  a relay  in  the 
relay  module  was  defective. 
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6. 2. 2. 4 Kxc€?ssivc  Time  Lacj 

During  the  DARO  altitude  hold  evaluation,  the  pilot  complained 
of  excessive  overshoots  or  undershoots  of  the  aircraft  if  the 
mode  was  selected  in  a rate  of  climb  or  descent.  A time  lag 
of  2-3  seconds  was  measured  from  the  synchronise  to  the 
stabilize  mode.  This  time  lag  was  consistent  with  the  reported 
overshoots/undershoots  of  25  ft  at  500  ft/min  and  50  ft  at 
1000  ft/min  rates  of  climb  or  descent.  Since  rhis  operating 
condition  was  not  envisaged  at  the  time  the  altitude  units 
were  designed,  the  time  lag  was  not  considered  excessive. 

The  time  lag  is  adjustable;  however,  it  was  not  altered  during 
the  ATC  flight  test  program. 

6.2.2.  5 Problem  Work  Arouiids 

Because  of  the  numerous  dev'elopmental  problems  experienced  with 
the  reference  altitude  units,  work  around  methods  were  employed 
in  the  aircraft  installation  of  this  sensor,  e.g.: 

1.  The  redundancy  level  of  the  baro  was  specified  as  duplex, 
but  because  of  the  aforementioned  problems,  especially 
the  engage  errors  and  drift,  a single  sensor  was  wired 
into  a duplex  configuration.  This  effectively  prevented 
the  failure  detection  system  from  disabling  the  BARO 
altitude  hold  mode. 

2.  The  BARO  sensor  was  vented  to  the  cabin  towards  the 
end  of  the  flight  test  program.  It  was  theorized  that 
external  static  pressure  disturbances  and  the  pneumatic 
filters  ins.talled  in  the  static  ports  could  have;  contri- 
buted to  the  unexplained  altitude  deviations  in  the  BARO 
hold  mode  and  large?  tracking  errors  (>  100  ft)  between 
BARO  and  RADAR  in  the  AA!1  mode. 

These  charutes  were-  t^mployed  for  1 light  test  expediency  and 
will  not  be  resorted  to  for  the  HLH  prototype  program,  for  which 
a sensing  device  of  new  design  is  being  develot^ed. 

6.2.1  Inertial  Measuremiuit  Unit 


The  Carousel  IV  Inertial  Navigation  System  (INS)  used  as  a 
velocity  attitude  and  vertical  acceleration  sensor  was  con- 
sidered satisfactory  for  the  347,''ULH  ATC  flight  control  system. 
Two  minor  probltnn  areas  wer<>  encountered  throughout  the  flignt 
test  profiram  with  little  or  no  impact  on  the  sciieduled  flights. 
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• Random  Drift  incj  in  Hover 

Early  evaluation  oC  hovering  over  a spot  with  basic  SCAS 
and  IMU- ref erenced  ground-speed  fsedbrck  revealed  some 
difficulty  in  trimming  the  controls  precisely  for  zero 
velocity.  This  problem  was  attributed  to  three  main 
reasons : 

(1)  Ineffective  beep  trim  during  parallel  back  drive 
(bias  elimination) 

(2)  high  lateral  and  longi  tuci  i nal  control  sensitivities 

(3)  HMU  drift 

The  first  two  were  addressed  by  control  law  changes  and  the 
tliird  was  believ'ed  to  be  caused  by  the  sensor.  Since  the  sensor 
performance  was  within  specification,  the  vendor  - DELCO 
lilectronics  - was  consulted.  Thc>y  reviewed  our  alignment 
procedure  and  made  change  recommendations.  Essentially  their 
recommendation  was  to  allow  the  system  to  remain  in  the 
coarse  azimuth  submode  of  alignment;  for  apiproximately  10 
ininutes  before  entering  the  fine  align  mode.  They  also  sug- 
gested that  we  should  not  allow  the  Performance  Index  (PI) 
of  alignment  to  go  below  5 if  there  were  aircraft  disturb- 
ances during  the  time  of  alignment.  They  said  it  was  possible 
that  a large  Z-gyro  bias  term  could  be  entered  into  the 
alignment  equations  while  going  down  to  a PI  -■  0. 

The  flight  test  prociram  revealed  that  the  best  procedure  was 
to  U'dvc  the  systtnii  in  a PI  of  7 for  approximately  10  minutes 
and  to  perform  a double  alignment.  This  of  course  did  not 
completely  eliminat('  the  IMU  drift  but  it  seemed  to  reduce 
some-  of  the  exc<'S3ive  grou.ndspeed  drift  that  was  experienced 
early  in  the  flight  test  program. 

• 1 n f_l  1 ij h_t:  ^ U undspeed  Fa ^Igj res 

On  two  occasions  during  llights  X72‘i  and  X8  38  , IMU  ground 
speed  failures  were  leported  on  the  AEOS  sensor  failure 
status  panel.  This  sensor  failure  caused  the  lateral  and 
longitudinal  axis  to  be  shut  down,  thereby  aborting  the 
flights.  Inflight  analysis  and  grouml  testing  indicated 
that  groundspeed  difference  between  the  no.  1 and  no.  2 
IMUs  was  exceodinij  t h<-  failure  monitoring  threshold  levels 
of  16  fus.  In  both  cases,  the  suspect  IMU  was  replaced 
with  a spare  and  returned  to  the  vendor  for  further 
investigation.  The  large  groundsiieed  buildup  was  con- 
firmed by  file  vendor  and  lei.iireil  by  repilacing  a 1.2Klf^ 


iiiverter  it!  on*-  case  and  replacing  a lateral  gyro  in  th  :> 
other.  Both  fa  i 1 nres  oci.-urrcd  with  the  same  IMU. 
Throughout  the  integration  and  functional  and  flight  test- 
ing, seven  hardware  malfunctions  were  experienced  with  the 
Carousel  IV  INS.  Six  were  wit.h  the  .navigation  units 
(one  as  a result  of  hitman  itrror)  and  one  with  a control 
display  unit.  In  all  cases,  a spare  unit  was  used  on 
the  aircraft  and  the  defective  unit  was  sent  back  to 
the  vendor.  The  vendor  confirmed  all  failures  and  re- 
paired and  returned  them. 


6.2.4  .At  t 1 tj£d^'/ile_ad  i n^  Reference  System  (AllRS  ) 

I’he  Iter  f ormanc'i--'  of  I .he  AHRS  as  an  attitude  sensor  was  judged 
Su  tis factory . Howevr'r,  t ne  attemp>t  t.t  convert  the  magnetic 
heidinq  output,  into  true  heading  was  considered  unsatisfactory. 

During  the  first  months  of  the  flight  test  program,  numerous 
channel  B (ASN-7fj)  headintj  lai  lures  were  observed  on  the  AFCS 
sensor  failure  [lauel.  These  f.iilures  were  random  and  in  most 
cases  wcri'  resi't  t.,ib  1 o alter  the  failure  had  occurred. 

Ground  tests  revealed  nothing  since  the  failure  could  not  be 
duplicated.  lk;wever , it  was  observed  that  on  occasions  the 
channel  B heading  signal  w.is  not  tracking  the  two  IN.S  heading 
signals  for  that  pa  r t ii.- n 1 a r h<.‘ading  of  the  aircraft. 

Furt'.hor  oliservat  ions  of  this  problem,  both  on  t.he  ground  and 
in  flight,  showed  that  the  heading  difference  between  the 
ASN-/b  magnetic  headiiu)  out.put  and  the  INS  heading  output 
varied  from  afiprox  iiiMt  e 1 y 2 . A degrees  fo  1 4 . I degrees  west. 
fThe  local  variation  in  the  test  area  was  published  to  be 
9.7  doqrei’S  west  - the  value  t c.-  which  the  magnetic  heading 
adapter  different  ial  synr-hro  w.is  set.)  This  varianci'  was 
not  predictable,  i . e .,  not  lu'ad  i ng-sens  i t i ve  , but  was  affected 
by  oncjine.s  runninc},  aiieraft  located  insidt^  nr  outside  of  the 
hangar,  and  the  proximity  of  l.ircje  metallic  olijecfs.  Since 
the  magnetic  variation  anomalies  did  not  affect  the  performance 
of  the  AFCS,  other  than  nuisance  .M'CS  tirst-fail  i ml  i cat  ions , 
it  was  di’cided  to  live  with  tins  situation  for  the  ATC  program 
and  re-eveluale  t lu*  use  of  this  sign.il  for  the  prototype 
program . 

Harc^are  Fa  i lures 

Two  d i si>  I acenuT’ i uyroscope.s  vere  rejected  from  the  aircraft  - 
one  for  I'aiisimj  eironoous  malfunction  indicatiiin  on  the 
compass  control  ler  , uid  'tie  of  hei'  tor  o.'cc'.ss  i ve  drift  of  the 
direct  ion  il  gyro.  Both  gyro.s  were  leplaeed  with  no  impact 
on  tile  f 1 igfit  i>rogi.im. 


9 


{)  1 () 


6.2.  ')  Ra d a r A 1 time; t d r 


The  APN-194  radar  altimeter  was  originally  designed  to  provide 
i light  erews  of  fixed  anil  rotary  wing  aircraft  with  an  indica- 
tion of  absolute  height  abovi'  terrain.  The  application  of 
this  system  to  th('  autom.it  ic  cont  rol  of  a helicopter  in  hover 
tli(i!it  is  a radical  departure  1 roin  the  oricjiiial  design  intent. 
The  recognition  of  this  situation  early  in  the  design  phase 
of  the  ATC  program  dictated  the  need  for  certain  modifications 
t.ii  the  basic  altimeter  system.  These  changes  included: 

• Development  of  a rate  adapter  unit  to  provide  a high 
sensitivity  vortical  rate  output  of  + 50  fps  with  accu- 
racy of  ± 0.1  fps  +0.5  percent  of  actual  rate.  This  is 
in  contrast  to  the  standard  rate  output  from  the  R/T 
unit  with  a ceiling  of  t 500  fjis  and  accuracy  of  + 5 
fps  + 5 percent  of  actual  rate. 

• Reduction  of  the  rect'iver  tracking  rate  from  + 2000  fps 
to  +150  fps.  This  capability  was  designed  into  the 
original  system  for  helicopter  applications. 

• Increase  in  the  sc'nsitivity  range  control  gain  by  4 db 
for  low-altitude  opi't.ition  (0  to  20  feet). 

6.2.5.!  Operafini)  Problems  and  Resolution 

During  the  initial  evaluations  of  the  radar  altitude  hold 
mode,  considerable  spiking  (+  10-12  feet  over  grass  and  j;_3-5  ft 
over  hard  surfaced  runways)  was  observed  on  the  pilot's 
indicator  and  was  also  rcrflecrfed  in  the  aircraft  closed-loop 
res[Jonso.  This  condition  was  the  result  of  RF  fading,  a 
condit  ion  which  is  oviaent  with  almost  any  RF  receiving 
device  when  there  is  little  or  no  relative  motion  between 
the  aircraft  and  the  ground,  as  in  hover  flight. 

At  tcmipts  to  minimize  this  problem  inc:luded  a succession  of 
equipment  changes  includinc): 

• Installation  of  a blanker  unit  to  reduce  the  rate  of 
cut  lioujul  sweep  of  t hr>  tr.icrk  gate  upon  loss  of  video. 

• Further  adjustment  of  the  sensitivity  range  control  ejain. 

• Adiu.stmi'nt  of  the  post-detect  integrator  to  [josition 
tlie  track  g<ite  lower  on  the  1 ead  i ncj  edge  of  the  video. 

0 Furt  hc'r  rcjduction  ot  the  trackincj  r.3t,e  to  + JO  ffis. 
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• Inyt  il  lat  i i.)a  oi  ha  rtiwiu  c ! i Iters  on  t.he  alt  i t luic  outfnit 

(t  i rrc'  oonst  ant  0.1  aiul  on  the  alt.itud(>  rale  out- 

put ( Q . 0 st'o  socoint  ordc'r  l)reak  iro(juonny). 

• ChaiK]o<l  antenna  transmission  lines  Iron  RC,  22  t to  RC.  214 
coax  c.ibles. 

Theso  chaiujes,  alonq  with  the  incorporation  of  sottware  comple- 
mentary filterimj  of  the  radai^  rate  siqnal  with  vertical  accel- 
eration in  the  FCCs,  reduced  the  effects  of  spikinq  to  a 
level  at  which  th('  a 1 t i t udr'  and  hover  hold  modi.-s  i..'ouid  be 
acceptably  evaluated.  It  was,  however,  necessary  for  vendor 
f 11' 1 d service  to  perform  ri'ca  1 ibrat  ions  aid  reaiJ  j ustments  of 
the  equipment  on  three  additional  occasion.s  throuqhout  the 
flicjht  testing. 

Willie  o[)eratinq  with  external  loads  on  lonq  slings  (30  i L.  to 
')()  ft  ) both  during  the  terminal  phase  of  rapid  decelerating 
flares  and  during  radicai  longitudinal  maneuvers  by  the  LCC, 
there  were  occurrences  when  the  load  swung  forward  into  the 
antenn.i  beam.  I'h.is  introduced  large  "up"  step  commands  into 
the  vertical  .ixis  response  of  tin.'  aircraft.  As  the  load  swung 
back  aft,  the  i-'Verse  situation  occui  red , v'i  th  a large  downward 
( 'I'litma nd . 

The  t luinsm  1 1 1 (cr  and  receiver  .intenna  mounts  w('re  modified  to 
cant  the  antennas  further  forward  from  tlie  ori<}inal  3 deinees 
to  10  degrees.  'I'li  i s tinded  to  decrease*  the  frecpiency  and  du- 
ratio.i  of  the  tiroblem  but  did  not.  eliminate  it  completely  for 
t lie  Larejer  amplitude  load  swings. 

C) . 2 . 'j  . 2 i’roposed  Chanep's 

For'  the*  HLH  prototype  AFCS , the'  folieiwine)  system  charujes  v/ill 
be  ine'orpora  t ec.l  to  further  improve  radar  altitude  and  hovt'r 
hold  mode'  ve*.  tical  le'sfronse: 

• Raeiar  al  timet  err  ante-nnas  will  bC'  eranted  forward  the; 
maximum  amcjunt  possible  witheiut  det<>t  lor  ,1  > 'uj  signal 
cjuality  duriiK)  flare  maneruvers. 

• Radar  altitude  and  rate  lOP  sie;jnal  conditioning  i liter 
breakitoi  nts  will  be  retduced  in  frt*quenf:y  to  help 

at  t enuate  noi  se* . 
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• Computer  soltware  will  bo  modified  to: 


(1)  Rate  limit  the  radar  altitude  and  rate  inputs. 

(2)  Decrease  the  complementary  filter  breakpoint 
frequency  in  the  rate  path. 

(3)  Incorporate  complementary  filtering  into  the 
.-iltitude  path. 

For  the  production  .lircraft,  several  hardware  alternatives 
('  X i s t : 

• Dual  radar  aJ t imeter  installation  - one  in  the  nose  and 
the  other  in  the  aft  fuselage.  This  would  provide  the 
means  to  discriminate  between  ground  and  external  load 
signal  return. 

• Development  of  a new  radar  altimeter  utilizing  an 
electronically  scanned  phased  array  antenna  to  eliminate 
spiking  effects. 

• Development  of  a new  type  of  absolute  altimeter  using 
laser,  ultrasonic,  or  superhigh-frequency  radio  trans- 
mission techniques. 

. 2 . 6 Precision  Mover  Sensor 

The  precision  liover  sensor,  as  developed  for  the  HLH/ATC 
program,  was  intended  to  provide  a performance  capability 
satisfactory  to  support  evaluation  of  the  precision  hover 
features  of  the  AFC'S.  To  attain  this  goal  at  minimal  cost 
and  within  an  acceptable  development  time,  the  PHS  weu 
designed  for  the  most  part  using  off-the-shelf  components. 

6.2.6. 1 Operating  Problems  and  Resolution 

During  the  early  flight  evaluation  of  the  PHS,  several  types 
of  dc-ve  lopmen  cal  prollems  were  experienced: 

• Excessive  noise  on  the  three-axis  velocity  signals  - 
Resolved  by  isolation  of  the  gjmbal  torque  motor 

oxc. ration  from  the  PHS  electronic  power  supply  and  by 
incorporation  of  additional  shielding  around  the 
electronic  components. 
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• Erratir:  performance  of  the  lonq  itudina]  incremental 
position  and  velocity  outputs  - The  platform  gimbal  sys- 
tem was  rebalanced  and  mechanical  limitiny  of  the  yirnbal 
freedom  in  the  nose-up  direction  was  corrected  by  shimminy 
up  the  yirnbal  reference  from  5 degrees  to  8 degrees. 

• Erratic  performance  of  the  lateral  incremental  position 
and  velocity  outputs  - The  platform  lateral  axis  roil 
stabilization  gyro  was  not  gimballinq  properly.  This  Jed 
to  roll  disturbances,  overcorrections,  and  oscillations 
in  aircraft  response.  Replacement  of  the  lateral  gyro 
corrected  this  situation. 

• Vertical  spiking  - Differences  in  reflectivity  of  the 
laser  return  from  the  higJi  contrast  ground  scene  resulted 
in  spiking  on  the  PHS  vertical  velocity  output.  This 
condition  was  corrected  by  a series  of  adjustments  to  the 
rangefinder  electronics  filter  networks. 

• Zoom  lens  hangups  - During  vertical  translations  of  the 
aircraft,  the  intensifier  zoom  lens  exhibited  a tendaiicy 
to  hang  up  in  a random  manner.  This  resulted  in  erroneous 
sensitivity  changes  in  the  x and  y axis  position  and 
velocity  signals.  An  improved  gear  design  satisfactorily 
resolved  this  problem. 

The  most  significaiit  problem  in  the  operation  of  the  PHS  was 
the  inability  of  the  sensor  in  flight  to  lock  on  to  any  but 
a very  high  contrast  ground  scene.  This  also  was  the  only 
PHS  problem  not  satisfactorily  resolved  during  the  test 
program.  The  basic  problem  was  associated  with  providing 
satisfactory  gain  through  the  optical  chain  from  the  intensi- 
fier  zoom  lens  to  the  correlation,  so  that  the  correlation 
could  retain  a lock-on  for  low  intensity  - low  contrast 
ground  sc.’enea. 

A number  of  changes  were  made  in  an  attempt  to  extend  the 
range  of  iock-on  performance.  These  included: 

• Decreasing  the  correlation  bandwidth  ro  improve  the 
signal-to-noiae  ratio. 

• Increasing  the  gain  of  the  intensifier  up  to  the  safe 
operating  limit  of  the  correlation;  i.e,,  without  burning 
spots  on  the  tube. 

• Corr.laiion  storage  time  was  reduced,  the  function  nota- 
tion was  modified,  and  the  threshold  criteria  for  the 
lock-  n logic  was  changed. 
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All  of  the  above  resulted  in  minor  improvement  only.  This 
necessitated  the  limitation  of  precision  hovei'  testing  to 
operation  over  a high-contrast  checkerboard  ground  scene; 
painted  on  an  unused  taxi  strip.  Emphasis  was  limited  to 
development  of  AFCS  signal  processing  to  control  the  aircraft 
to  valid  PHS  signals  rather  than  on  opt  imiza c ion  of  the  oen.sor 
pe r f o r nia 1 1 c e as  v\'e  1 1 . 

ii  2 Proposed  Changes 

The  design  of.  a PHS  for  a production  installation  woujid  first 
be  preceded  by  an  investigation  of  state-of-the-art  develop- 
ments, particularly  in  the  areas  of  correlations,  inter s i f iers , 
and  fiber  optic  transmission  tfichn  iques . 

The  correlation  optical  chain  would  be  simplified  by  elimina- 
ting tne  vidicon  direct  viewing  scene.  This  would  allow  direct 
fiber  optics  coupling  between  the  intensifier  chain  and  the 
correlation,  thus  eliminating  the  need  for  relay  optics.  This 
would  also  lower  the  gain  and  output  requirements  on  the 
intensifier. 

Optical  stabi  1 ii:ar  ion  would  be  used  rather  than  a mechanically 
stabilized  platform,  to  prevent  aircraft  pitc.h  and  roll  from 
intre  .icing  errors  in  position  and  velocity  measurements. 

Light  .ght  mirrors  would  be  servo  controlled  to  stabilize 
the  c,  . al  signals  for  the  correlation  optical  chain.  They 
would  have  to  be  of  the  same  quality  as  that  in  the  current 
PHS,  while  the  rangefinder  would  require  less  accuracy,  and 
the  illuminator  would  only  have  to  be  accurate  to  within  a 
degree  or  two. 

The  rangefinders  could  be  simplified  by  improving  the  coarse 
ranging  measurement  and  by  eliminating  the  fine  range 
portion  of  the  s^/stem. 

The  above  changes  should  result  in  a considerably  more  cc'mpact 
design  with  a total  weight  of  less  than  125  pounds. 


h.  2.  7 


rabie  Tension  Sensor 


The  performance  of  the  cable  tension  sensor  requi.red  as  an 
input  for  the  LSS  mode  of  AFCS  operation  was  considered 
satisfactory.  Minor  nuisance  problems  were  encountered  which 
required  changing  a trinuning  resistor  on  the  strain  gage 
balance  bridge  network. 
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After  laboratory  calibration  of  the  strai n-qaqed  carqo  hook 
bolts,  they  were  installed  on  the  aircraft.  A snug  fit  of 
the  bolts  was  encountered,  especially  on  the  aft  cargo  hook, 
requirinq  the  application  of  some  force  during  the  installa- 
tion, The  forward  and  aft  cable  tension  signals  inputs  to 
the  AFC.S  were  monitored  in  a static  unloaded  condition.  These 
signals  indicated  a large  negative  bias  for  t.he  aft  hook 
(-600  to  700  lb)  and  a positive  bias  for  the  forward  hook 
+300  lb).  It  was  theorized  that  the  static  loading  on  the 
bolts  charuied  as  a result  of  tht'  snug  installation. 

During  the  flight  program,  it  was  observed  that  the  large 
negative  bias  on  the  aft  cable  tension  sensor  reappeared. 
Investigation  of  this  problem  revealed  that  this  signal  was 
sensitive  to  electrical  loads.  Turning  on  the  No.  2 INS 
blower  caused  this  signal  to  charuje  from  a null  condition  to 
approximately  -600  to  -700  pounds.  Apparently  all  aircraft 
electrical  loads  were  not  on  when  the  cable  tension  sensor 
was  calibrated  on  the  aircraft. 

In  both  of  the  above  cases,  a simple  resistor  change  in  the 
cable  tension  electronic  assembly  was  made  with  no  impact 
on  the  flight  program. 

6 . 3 GENERAL  COMMENTS  AND  RECOMMENDATIONS 
6 . 3 . i Flight  Control  Computer  Subsystem 

The  ICP  733  incremental  computer  system  has  demonstrated 
excellent  performance  throughout  the  HLH-ATC  program.  Some 
1400  hours  of  system  operation  have  been  accrued  during  the 
program  and  no  major  line-replaceable  unit  failure  has 
accrued.  Although  a number  of  component  malfunctions  within 
the  combined  hardware  sets  have  been  experienced,  these  have 
not  compromised  flight  safety  at  any  time  nor  significantly 
degraded  system  flight  performance.  Resolution  of  many  of 
the  previously  discussed  hardware  problems  and  expeett^d 
resolutions  on  pending  problems  should  make  . increased 
reliability  of  the  prototype  AFCS  hardware. 

The  excellent  system  hardware  flight  performance  can  be 
considered  to  be  due  to  an  initially  solid  design  backed 
by  extensive  laooratory  debug  and  bench  testing,  followed 
by  integration  tests.  Some  20  percent  of  the  average  ac- 
cumulated unit  hours  were  spent  at  the  vendor's  facility, 
followed  by  a further  12  percent  during  integration  tests 
at  the  contractor's  facility.  The  triplex  hardware  con- 
figuration utilized  a further  21  percent  of  the  total 
time  in  support  of  software  checkout. 
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Integration  of  the  AFCS  sensors  with  the  computer  complex  on 
the  aircraft  was  time  consuming  and  must  be  avoided  in  the 
future  if  time  on  the  aircraft  is  of  prime  importance.  Too 
many  interface  problems  were  encountered  which  could  have 
been  rectified  sooner,  had  provisions  been  incorporated  in  the 
integration  test  laboratory  for  coupling  of  sensors  "open  loop" 
to  the  flight  control  system. 

The  choice  of  erasable  ROM  devices  was  perhaps  premature  con- 
sidering the  developmental  nature  of  the  program.  The  procure- 
ment of  this  device  from  sole  source,  which  at  the  time  was 
leading  the  market,  gave  rise  to  an  excepted  development  risk. 
The  use  of  this  device  demanded  a change  in  the  existing 
computer  meraory  accessing  scheme.  Developmental  problems 
arose  which  were  finally  overcome;  however,  the  problem  of 
ROM  device  failures  remains  unsolved.  This  problem  in  itself 
has  caused  considerable  reprogramming  effort  coupled  with 
device  replacements.  Insufficient  spare  ROM  board  provisions 
also  contributed  to  program  delays.  Core  memory  units  sup- 
planting the  ROM  boards  could  have  reduced  the  development  risks 
and  might  have  facilitated  a more  rapid  software  program  check- 
out in  the  early  AFCS  control  law  development  stages,  at  perhaps 
an  initial  cost  increase  and  some  risk  associated  with  passing 
qualification  tests  and  susceptibility  to  memory  wipeout  from 
power  transients.  It  is  not  clear  at  this  stage  whether  the 
loss  of  memory  due  to  power  transients  would  have  proven  a 
flight  safety  hazard,  considering  the  nature  of  the  AFCS-DELS 
interface . 

Performance  of  the  hardwired  mode  logic  is  satisfactory  once 
the  integrity  of  the  wiring  has  been  established,  but  again, 
the  developmental  nature  of  the  AFCS  logic  in  requiring  num- 
erous changes  has  made  it  very  difficult  to  provide  reliable 
boards.  Rewiring  efforts  resulted  in  continual  resoldering  and 
rerouting  of  existing  wires  to  the  integrated  circuit  compon- 
ents, which  caused  many  errors  necessitating  troubleshooting 
and  fixing. 

The  ICP  computer  system  was  developed  at  a period  where  the 
advantage  of  processing  speed  was  of  importance  in  the  appli- 
cation of  digital  processors  in  the  flight  controls  field. 
State-of-the-art  whole  word  machines  lacked  memory  capacity 
and  speed  to  accomplish  the  tasks  demanded  of  a complex 
AFCS.  However,  in  recent  years,  there  has  been  a rapid 
development  of  the  whole  word  machine  in  memory  ceipacity  and 
speed,  making  it  a much  more  viable  proposition  for  the  flight 
controls  field  where  its  capabilities  as  a general  purpose 
machine  can  be  explored  for  computation  of  many  more  tasks 
than  solely  flight  control  functions. 
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In  review  of  the  computer  characteristics  relative  to  the 
HLH-AFCS  application,  several  points  are  evident: 

• There  has  been  no  evidence  of  control  bandwidth  limita- 
tions for  the  aircraft  short  period  modes  caused  by 
machine  slew  rate  limitinq. 

• Accuracy  of  control  performance  has  not  been  limited  by 
computer-IOP  limitations,  but  rather  by  the  fidelity  of 
long-term  control  input  motions. 

• Computer  program  memory  sizing  was  barely  marginal  to 
handle  all  modes  except  the  approach  to  hover.  A sep- 
arate tape  was  programmed  to  handle  the  approach  to 
hover  mode  with  removal  of  load  stabilization  modes.  The 
memory  was  initially  sized  to  have  approximately  80  per- 
cent growth  with  all  modes  considered.  Program  develop- 
ment with  more  detailed  definition  of  modes  and 
functions  led  to  the  absorption  of  the  program  memory 

to  virtually  its  full  capacity.  It  must  be  realized, 
however,  that  algorithm  usage  developed  with  the  program 
requirements  and  no  concerted  effort  was  made  to  conden.se 
the  software  for  economic  reasons.  Herein  lies  one  of 
the  disadvantages  of  the  ICP  computer  architecture:  Tt 
is  presently  not  possible  to  automatically  condense  the 
program  memory  instructions  for  maximum  economy  as  can 
be  bone  with  the  whole  word  machine.  The  flexibility  of 
software  with  the  whole  word  machine  permits  reassembly 
of  instructions  on  a ground-based  host  computer  to  ef- 
fectively pack  all  core  space.  Doing  this  job  by  hand 
on  the  ICP  system  is  time  consuming  and  requires  the 
skill  of  a highly  qualified  programmer. 


The  algorithm  process  is  definitely  versatile  and 
efficient  for  the  solution  of  linear  differential  equa- 
tions, but  is  not  economical  for  solution  of  nonlinear 
functions  and  processing  of  all  kinds  of  decision-making 
networks,  that  which  is  typically  found  in  VTOL  aircraft 
involving  a great  variety  of  flight  modes.  The  computer 
therefore  only  fulfills  a proportion  of  the  total  AFCS 
task . 


• Redundancy  management  of  physically  dispersed  flight 

control  sensors  appeared  satisfactory  where  like  sensors 
were  involved,  however,  this  was  not  satisfactory  where 
different  sensor  types  were  involved.  An  example  is  the 
incompatibility  of  the  ASN76  attitude/heading  reference 
set  with  the  similar  information  derived  from  the  Inertial 
Navigation  System,  specifically  for  heading  angle. 
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Considerable  caution  must  lie  oxerc'ised  when  inteqratinq 
different  sensor  type's  into  a triph'x  system  to  insure' 
channel -to-channel  compatibility  of  signal  character- 
istics, specifically  where  median  selection  is  used. 

• The  input/output  processor  units  lack  tlie  capability  to 
remove  the  effects  of  power  supply  variations  on  sensor 
inputs.  These  effects  were  most  notable  in  the  synchro- 
to~duai -ac  signal  conversions  of  the  attitude/heading 
reference  signals.  Fluctuation  of  ac  supply  reference 
c^iuses  significant  change  in  the  peak  outputs  of  the 
converted  signals;  this,  however,  was  muted  somewhat 
later  due  to  rescalincj  of  pitch  and  roll  attito.ides,  but 
the  problem  remains  with  heading. 

• Maintenance  of  the  ICP  system  has  been  relatively  good. 
Most  of  the  unit  repairs/modifications  were  accomplished 
at  the  vendor's  facility  where  the  necessary  skill  and 
support  equipment  was  basfid.  Troubleshooting  and  minor 
repairs/mods  were  made  at  the  integration  test  stand 
utilizing  field  support  engineering  skill.  Modi f icat ions 
to  AFCS  equipment  at  the  aircraft  were  avoided  whenever 
possible  in  keeping  with  tho  adopted  policy  on  vendor 
maintained  equipment.  Only  three  occasions  were  noted 
where  vendor  field  support  was  called  to  troubleshoot  the 
equipment  internally  on  the  aircraft,  and  it  was  nert  clear 
whether  this  activity  could  or  could  not  have  been  done  at 
the  laboratory.  .Many  system  problems  were  reduced  to  the 
circuit  card  level;  cards  were  either  dispatched  to  the 
test  stand  for  further  diagnosis  or  returned  to  v^endor 
for  repair.  Card  swapping  between  redundant  channels 

was  a recognized  problem  dia<jnosis  "tool"  made  relatively 
easy  by  having  enough  access  room  above  the  unit  cov>-.'i  s, 
therefore  not  requiring  the  units  to  be  disconnected. 
Handling  of  the  equipment  high-density  bayonet  connectors 
was  first  anticipated  to  be  a jiroblem;  however,  this  was 
not  the  case,  perhaps  due  to  the  few  times  the  cables  had 
to  be  disconnected  and  perhaps  due  to  the  care  with  which 
they  were  handled  by  knowledgeable  personnel.  The  proto- 
type AFCS,  however,  may  present  a different  maintenance 
problem  from  the  .34  7 ATC  aircraft  in  that  there  is  no 
space  allocated  for  access  to  cards  within  each  unit, 
thus  frequency  of  disconnects  may  be  increased. 


6.3.2  Sensin 


The  principal  objective  of  the  Model  347  HLH  Fly-BY“Wire 
Demonstrator  aircraft  program  was  to  evaluate  and  demonstrate 
the  control  concepts  developed  for  the  HLH,  utilizing  an  equip- 
mert  complement  with  the  functional  capability  necessary  to 
support  this  objective.  Program  cost  effectiveness  dictated 
the  utilization,  whenever  possible,  of  hardware  developed  for 
and  available  from  previous  flight  test  programs.  To  this 
end,  the  sideslip  electronic  units  and  Precision  Airspeed 
Trim  (PAST)  units  from  the  original  Model  347  test  program 
were  used. 

The  sideslip  units  provided  satisfactory  performance  through- 
out the  Task  III  flight  testing  with  no  mf'.iif ications 
required . 

The  PAST  linear  airspeed  and  longitudinal  cyclic  pitch  cams 
were  changed  to  provide  outputs  compatible  with  the  AFCS 
processing  requirements.  As  described  in  Section  6.2.1,  it 
was  necessary  to  adjust  servo  loop  sensitivities  to  correct 
for  inadequate  cross  channel  dynamic  tracking. 

Tracking  problems  were  also  experienced  with  the  reference 
barometric  altitude  unit,  as  described  in  Section  6.2.2. 

These  units  were  based  on  a design  for  a nonredxindant 
installation  in  the  Canadian  CH-147. 

The  above  problems  emphasize  the  fact  that  sensors  to  be 
utilized  in  cross  channel  monitored/signal  select  configura- 
tion must  be  designed  and  tested  to  satisfy  the  system 
level  requirements. 

Problems  with  sensor  redundancy  management  were  experienced 
where  different  types  of  equipment  were  used  to  provide  a 
particular  sensed  parameter.  An  example  is  '.he  incompatibility 
of  the  ASN76  attitude/heading  reference  set  with  the  similar 
information  derived  from  the  Inertial  Navigation  Systems, 
specifically  for  heading  angle  (refer  to  Section  6.2.4). 
Considerable  caution  must  be  exercised  when  integrating 
different  sensor  types  into  a triplex  system  to  insure 
channel-to-channel  compatibility  of  signal  characteristics, 
specifically  where  median  selection  is  used  and  relatively 
tight  failure-monitor  tolerances  are  required. 
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For  t.he  prototype  HLH,  a sinqle  ASN-76  will  be  used  in  con- 
junction with  two  Carousel  IV  INSs  to  provide  triplex  pitch 
and  roll  attitude  information  similar  to  the  ATC  system; 
however,  the  redundancy  management  in  the  lOPs  will  be  modi- 
fied to  accept  only  the  dual  heading  signals  from  the  INS. 

The  kinematic  sensing  configuration  for  the  Production  HLH 
will  be  completely  changed, in  that  either  a pentad  or  hexad 
skewed  redundant  arrangement  of  strapdown  angular  rate  and 
linear  acceleration  sensing  elements  is  recoiiunended . This 
type  of  sensing  arrangement  provides  three-axis  =ingular 
r,  o outputs  in  addition  to  the  attitude,  heading,  velocity, 
and  acceleration  signals  available  from  a gimbaled  system. 
Also,  the  cost  of  a strapdown  system  is  considerably  less, 
while  offering  savings  in  weight  and  power  as  well. 

Initial  integration  of  the  majority  of  the  AFCS  sensors 
with  the  computer  complex  was  performed  on  the  aircraft 
during  systems  functional  test.  This  activity  consumed 
considerably  more  time  than  had  been  anticipated, as  a result 
of  interface  problems  which  could  have  been  rectified  in 
the  integration  test  laboratory.  The  necessary  laboratory 
facilities  and  tests  will  be  planned  for  in  the  prototype 
and  prcduction  HLH  programs  to  avoid  the  recurrence  of 
this  situation. 
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APPENDIX  A 

HLH/ATC  347  DEMONSTRATOR  AIRCRAFT  AUTOMATI 
FLIGHT  CONTROL  SYSTEM  DATA  PACKAGE 


T o cor'plote  definition  of  the  APCS  software  and  logic  for 

aircraft  is  contained  in  this  appendix.  it 
presents  the  final  system  definition  including  all  modifica- 
Identified  during  flight  test.  The  data  is  presented 
in  the  following  order. 


1.  AFCS  Functional  Block  Diagrams 
Longitudinal  Axis 
Lateral  Axis 
Directional  Axis 
Vertical  Axis 
Auto  Approach  to  Hover 
Sensor  Preprocessing 


2 . AFCS 

3.  AFCS 

4 . AFCS 


Itode  Logic  Definition 
Parameter  Design  Values 
Function  Definition 


\ 


FIGURE  A-2  AFCS  FUNCTIONAL  BLOCK  DIAGRAM  VERTICAL  AXIS 
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FIGURE  A-4  ARCS  FUNCTIONAL  BLOCK  DIAGRAM  - DIRECTIONAL  AXIS 
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FIGURE  A-7  ARCS  MODE  LOGIC  DEFINITION  (SHEET 


FIGURE  A-7  AFCS  MODE  LOGIC  DEFINITION  (SHEET  2) 


FIGURE  A-7.  AFC3  MODE  LOGIC  DEFINITION  (SHEET 


FiGURE  A-7  AFCS  MODE  LOGIC  DEFINITION  (SHEET 


AFCS  MODE  LOGIC  DEFINITION  (SHEET  5! 


FIGURE  A-7.  AFC3  MOUE  LOGIC  DEFINITION  (SHEE 


FIGURE  A-7.  AFCS  MODE  LOGIC  DEFINITION  (SHEET  7) 


FIGURE  A-7.  AFCS  MODE  LOGIC  DEFINITION  (SHEET  8) 


FIGURE  A-7.  AFCS  MODE  LOGIC  DEFINITION  (SHEET  9) 


FIGURE  A-7.  AFCS  MODE  LOGIC  DEFINITION  (SHEET  10) 


FIGURE  A-7.  AFCS  MODE  LOGIC  DEFINITION  (SHEET  11) 


FIGURE  A-7.  AFCS  MODE  LOGIC  DEFINITION  (SHEET  12) 


FIGURE  A-7.  AFCS  MODE  LOGIC  DEFINITION  (SHEET  13) 


FIGURE  A-7.  AFCS  MODE  LOGIC  DEFINITION  (SHEET  14) 


AFCS  MODE  LOGIC  DEFINITION  (SHEET  15) 


FIGURE  A-7.  AFCS  MODE  LOGIC  DEFINITION  (SHEET  16) 


AFCS  MODE  LOGIC  DEFINITION  (SHEET  17) 


AFCS  MODE  L0G:C  DEFINITION  (SHEET  18 


FIGURE  A-7  AFCS  MODE  LOGIC  DEFINITION  (SHEET  19) 
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FIGl'RE  A9  LONGITUDINAL  CYCLIC  CONTROL  SENSITIVITY  SCHEDULE 
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FIGURE  A-10  LCC  LONGITUDINAL  VELOCITY  COMMAND  FUNCTION 
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FIGURE  A ll  COLLECTIVE  POSITION  COMPENSATION 
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FIGURE  A-12.  LCC  VERTICAL  VELOCITY  COMMAND  FUNCTION 
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FIGURE  A ! 3 LATERAL  STICK  TRIM  C<  MPENSATIOI?  SCHEHULL 
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FIGURE  A-15  T 'RN  COORDINATION  GAIN  SCHEDULE 
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FIGURE  A 16  PEDAL  TRIM  OFFSET  SCHEDULE 
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F IGURE  A 20  LONGITUDINAL  STICK  COMMAND  FUNCTION 


FIGURE  <^  21  LONGITUDINAL  GROUNDSPEED  COMMAND  FUNCTION 
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FIGURE  A 22  COLLECTIVE  LEVER  COMMAND  FUNCTION 


VERTICAL 

VELOCITY 

COMMAND 

(FCZV) 

-fp8 


(Dx)  ft 


IC570 


FIGURE  A ?3  VERTICAL  VELOCITY  COMMAND  FUNCTIOf. 
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FIGURE  A-24  ALilTUOE  COMMAND  FUNCTION 
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FIGURE  A 25  RADAR  ALTITUDE  GAIN  SCHEDULE 
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OELZTEO  FOR  FINAL  COMFIOURATION 


FIGURE  A-26,  BAROMETRIC  ALTITUDE  GAIN  SCHEDULE 
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HGURE  A-27  VERTICAL  DISPLACEMENT  ERROR  GAIN  SCHEDULE 
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DCLETeO  FOR  FINAL  CONf  lOUNATION 


FIGURE  A-28  PITCH  ATTITUCE  COMMAND  FUNCTION 
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OELETEO  FOR  FIWAL  CONF)6URATiON 


FIGURE  A 29  CC  LECTI/E  cLARE  SCHEDULE 
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DCLCTEO^OII  FINAL  COMrieURATION 


4I6AIN  SCHEDULE  USED  IN  LSS 
COMPUTATION  (FNLS I AND 
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SPEED  DIRECTIONAL  LOAD 
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FIGURE  A-30  DIRECTIONAL  LOAD  DAMPING  GAIN  SCHEDULE 


F^HS,  F^HS,  FmjS 

DELETEOFOR  FINAL  CONFieURATION 

BASED  ON  INPUT  SCALING  OF  5 volts/7.67  ft/sec 


NOTE  PHS  VELOCITY  SHAPING  FUNCTIONS  (FXPHS,FYPHS  AND 
F2PHS)  ARE  REQUIRED  IN  EACH  AXIS  TO  ACCOUNT  FOR 
MEASURED  NON-  LINEAR  SENSOR  OUTPUT  DATA 


FIGI.'Wt  A M PRECISION  HOVER  S{  NSv>K  VELOCIT  Y COMPENSATION 

GTS 
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LIST  OF  ACRONYMS 


Acronym 

AAH 

AFCS 

AHRS 

AHT 

ATC 

BITE 

BOA 

CEP 

CG 

C/H 

DAC 

DCP 

DELS 

FCS 

HLH 

IAS 

IMU 

INS 

I OP 

LAS/WAVS 

LCC 

LCCC 

LCP 


Definition 

Automatic  Approach  to  Hover 
Automatic  Flight  Control  System 
Atti tude/Keading  Reference  System 
Automatic  Hover  Trim 
Advanced  Technology  Component 
Built-In  Test  Equipment 
Basic  Ordering  Agreement 
Circular  Error  Piobability 
Aircraft  Center  of  Gravity 
Cooper-Harris  Pilot  Rating 
Digita  1/Anal '.g  Converter 
Differential  Collective  Pitch  Contrcl 
Direct  Electrical  Linkage  System  - 347 
Flight  Control  System 
Heavy  Lift  Helicopter 
Indicated  Airspeed 
Ineitial  Measuring  Unit 
Inertial  Naviaation  System 
Input-Output  Processor 

Large  Amplitude  Simulator  With  Wide  Angle  Visual 
System 

Loa ’-Controll inn  Crewman 
Load-Controlling  Cr  wman ' s Controller 
Longitudinal  Cy  lie  Pitch  Control 


Acronym 

LSS 

PAST 


PHCS 


PFCS 

PF’FU 


PHS 


P i IJU 


ROM 
Sl '/vS 

sow 

34  7 


Def i n i tion 

I.oad  Stabi  1 i ?:at  ion  Syntom 
Precision  Airspeed  Trim 

Primary  I’lectrical  Control  System  - MLH 
Primary  Flight  Control  System 
Programmable  Force-Feel  Unit  - lILH 
Precision  Hover  Sensor 
Prime  Item  Description  Document 
Road-On ly-Memory 

Stability  and  Control  Augmentation  System 
Statement  of  Work 

Model  347  Flight  Research  Vehicle 
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